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Four  cultivars  of  lettuce,  Tall  Guzmaine  (TG),  Parris  White  (PW),  Short 
Guzmaine  (SG),  and  Valmaine  (Val),  were  screened  for  resistance  to  adult  Diahrotica 
balteata  LeConte  under  laboratory  conditions.  Val  had  the  highest  level  of  resistance, 
followed  by  PW  and  SG;  TG  was  particularly  susceptible  to  adults  when  using  leaf  area 
consumption  as  the  criterion  for  resistance.  Female  adults  ate  more  foliage,  gained  more 
weight,  and  produced  more  eggs  when  feeding  on  TG  than  on  Val  for  1 0,  1 3  or  1 6  d.  A 
starvation  test  confirmed  that  females  on  Val  produced  no  mature  eggs  because  of  their 
inability  to  use  Val  as  a  food  source. 

The  leaf  surface  of  lettuce  was  investigated  for  its  possible  role  in  resistance. 
Even  though  D.  balteata  consumed  a  much  greater  amount  from  Val  leaves  with  their 
surface  chemicals  removed,  leaf  surface  extracts  from  Val  were  not  deterrent  to  D. 
balteata  feeding  when  applied  to  lima  bean  leaf  surfaces  at  various  concentrations.  These 
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results  suggest  that  leaf  surface  chemicals  in  lettuce  are  not  responsible  for  resistance  in 
Val. 

Freeze-dried  leaf  powder  of  TG  or  of  Val  was  added  to  an  artificial  diet  for  D. 
balteata  at  four  concentrations  (0,  10,  20,  30%)  to  determine  the  chemical  basis  of  lettuce 
resistance.  In  choice  experiments,  there  were  no  significant  differences  between  TG  diets 
and  Val  diets  at  each  concentration.  In  no-choice  experiments,  no  significant  differences 
were  found  in  the  number  of  mature  eggs  produced,  female's  weight  gain,  or  adult's 
mortality  between  TG  and  Val  diets  at  four  different  concentrations.  The  resuhs  of  this 
assay  failed  to  detect  any  reason  for  the  resistance  of  Val. 

TG  and  Val  differed  in  latex  physical  properties.  Latex  from  Val  turned  brown 
faster  than  that  from  TG,  and  took  more  time  to  stop  flowing.  Both  latex  from  TG  and 
Val  applied  on  lima  bean  leaves  inhibited  D.  balteata  feeding.  Localized  induced 
resistance  to  feeding  was  found  in  Val  but  not  in  TG  after  plants  were  previously 
damaged  for  48  h. 

Therefore,  I  propose  that  localized  inducible  resistance  and  physical  and  chemical 
defenses  in  latex  may  be  two  major  reasons  for  resistance  in  Val  to  D.  balteata. 


ix 


CHAPTER  1 

LITERATURE  REVIEW  AND  RESEARCH  GOALS 
Introduction 

Lettuce,  Lactuca  sativa  L.,  is  an  important  vegetable  crop  grown  in  many 
countries  in  the  world.  By  far  the  greatest  commercial  production  of  lettuce  takes  place 
in  the  USA  (Ryder  1998).  The  majority  of  the  insects  which  are  economically  important 
on  lettuce  belong  to  five  orders:  Homoptera,  Lepidoptera,  Diptera,  Hymenoptera  (Ryder 
1998)  and  Coleoptera.  These  insect  pests  can  cause  damage  directly  by  chewing  on 
foliage,  stems  and  roots  or  indirectly  by  transmitting  disease.  Moreover,  they  can  also 
lower  the  value  of  the  lettuce  crop  by  causing  unsightliness  such  as  the  presence  of  insect 
cast  skins  and  detritus.  To  date,  lettuce  glowers  have  relied  heavily  on  insecticides  to 
control  insect  pests  to  reduce  economic  losses.  However  the  heavy  use  of  nonselective 
insecticides  has  led  to  well-known  problems,  such  as  development  of  insect  resistance  to 
these  chemicals,  the  resurgence  of  secondary  insect  pests,  and  the  persistence  of  residues 
that  are  toxic  to  humans,  animals  and  other  nontarget  organisms.  The  western  com 
rootworm,  Diabrotica  virgifera  virgifera  LeConte,  provides  a  classic  example  of  a  man- 
made  pest  (Metcalf  1986).  This  insect  was  first  described  by  LeConte  in  Kansas  in  1868 
and  first  found  attacking  com  in  Colorado  in  1 909  before  it  slowly  spread  into  the 
Nebraska  in  1929  (see  references  cited  by  Metcalf  1986).  Because  of  large-scale 
applications  of  insecticides,  adult  westem  com  rootworm  resistance  to  insecticides  was 
noted  in  thel960s.  The  resistant  strain  spread  rapidly  about  an  average  of  120  miles  per 
year  from  a  single  locus  in  southeastern  Nebraska  in  1961  to  encompass  much  of  the  com 
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growing  area  of  many  states.  By  1980,  this  strain  had  spread  throughout  the  U.S.  com 
belt  (Metcalf  1986).  Integrated  pest  management  (IPM)  programs  have  been  developed 
to  reduce  the  reliance  on  chemical  insecticides.  Host  plant  resistance  is  recognized  as  the 
most  effective  component  of  1PM  (Panda  and  Khush  1995),  because  it  has  low  impact  on 
non-target  organisms  and  the  environment  and  is  usually  compatible  with  other  control 
tactics,  such  as  biological  and  cultural  controls. 

In  nature,  plants  are  under  the  constant  threat  of  damage  by  insects,  which 
dominate  the  world's  fauna  in  terms  of  number  of  species  and  individuals  (Dicke  1999). 
However,  plants  defend  themselves  very  effectively  by  using  a  variety  of  defensive 
strategies  ranging  from  mechanical  to  chemical  weapons  (Louise  1999).  Defenses  can 
operate  by  either  constitutive  resistance,  which  is  always  active,  or  by  induced  resistance. 
In  induced  resistance,  production  and/or  release  of  defensive  chemicals  or  characteristics 
are  induced  by  extrinsic  physical  or  chemical  stimuli,  such  as  herbivory,  pathogen 
infection,  or  mechanical  injury  (Kogan  and  Paxton  1983). 

Diabrotica  balteata  Biology  and  Pest  Status 

Diabrotica  balteata  LeConte  is  commonly  known  as  the  banded  cucumber  beetle. 
It  is  distributed  throughout  the  southern  and  western  United  States  and  south  into  central 
America  (Krysan  1 986).  In  the  southern  United  States,  D.  balteata  occurs  as  an  adult 
during  much  of  the  year  (Schalk  1986).  Wolfenbarger  (1963)  reported  D.  balteata  as  a 
ubiquitous  insect  throughout  Florida  with  fluctuation  of  its  abundance  and  injuriousness 
from  year  to  year.  This  insect  is  a  pest  of  leafy  vegetables  and  sweet  com  in  Florida. 
The  adult  D.  balteata  is  marked  with  alternating  green  and  yellow  bands  across  the  elytra, 
but  the  newly  emerged  adult  has  a  soft  body  with  pale  color.  The  adult  feeds  for  4  to  8  d 


3 

before  mating.  The  range  from  copulation  to  first  egg  deposition  can  be  9  to  28  d. 
Individual  females  lay  approximately  350  to  849  eggs  (depending  on  food  source)  over 
its  lifetime  of  5  to  11  wk  under  laboratory  conditions.  Oviposition  usually  occurs  at 
intervals  of  2  to  3  d  beginning  when  the  female  is  about  3  wk  old  and  lasts  from  2  to  8 
wk.  Eggs  are  deposited  singly  or  in  clusters  in  small  cracks  in  the  soil  or  under  objects 
lying  on  the  surface  (Schalk  1986,  Pitre  and  Kantack  1962).  Three  larval  instars  occur 
with  a  mean  larval  developmental  period  of  17  d  at  27°C  to  23  d  at  21  "C,  depending  on 
food  source  and  rearing  environment.  The  third-instar  larvae  increase  dramatically  in 
size  and  do  the  most  severe  damage  to  plants  by  cutting  and  partially  boring  into  young 
roots.  Pupation  takes  place  in  the  soil  and  the  average  time  required  for  adult  emergence 
is  7  to  9  d  at  temperatures  of  21  to  27T  (Pitre  and  Kantack  1962). 

The  larvae  of  D.  balteata  severely  damage  the  roots  of  crops,  reducing  yield  in 
bean,  melon  and  com  (Pitre  and  Kantack  1962).  However,  feeding  on  other  plant  parts 
such  as  potato  tubers,  and  peanut  pods  has  been  reported  also  (Wolfenbarger  1963). 
Other  host  plants  for  the  larvae  include  squash,  sorghum,  soybean,  sweet  potato,  sweet 
com  and  tomato  (Table  2  in  Teng  1983).  No  complete  report  of  the  larval  host  range  has 
been  reported  in  the  literature.  Adults  feed  on  foliage,  flowers  or  fmit  (Elsey  1988)  of 
more  than  50  host  plant  species  (Teng  1983)  in  23  families  (Saba  1970).  These  plants 
include  broccoli,  com,  cowpea,  cucumber,  lima  bean,  peanut,  pepper,  potato,  spinach, 
squash,  soybean,  sweet  potato,  tomato  and  wheat  (Table  3  in  Teng  1983).  Lettuce  was 
also  listed  in  Teng's  table,  even  though  there  was  controversy  in  the  literature  as  to 
whether  this  was  a  host  for  D.  balteata  adults  at  that  time  (Saba  1970).  In  addition  to 
feeding,  adults  also  contribute  to  yield  losses  by  transmitting  plant  vimses,  such  as 


4 

cowpea  mosaic,  bean  mgose  mosaic,  squash  mosaic,  muskmelon  necrotic  spot  and  melon 
bacterial  wilt  (Da  Costa  and  Jones  1971,  Gergerich  et  al.  1986).  Nuessly  (personal 
communication)  found  that  adult  D.  balteata  caused  serious  damage  to  lettuce  in  southern 
Florida  by  feeding  across  the  entire  leaf  surface,  removing  tissue  and  causing  necrosis  of 
surrounding  tissues.  Beetle  feeding  on  older  plants  caused  lettuce  heads  to  be 
unmarketable  due  to  feeding  damage  and  fecal  contamination.  In  addition,  D.  balteata 
caused  yield  reduction  and  uneven  stand  maturity  by  feeding  on  young  and  middle  aged 
lettuce. 

Overview  of  Plant  Resistance 
History  of  Plant  Resistance  to  Insects 

There  are  many  historical  accounts  of  the  successful  use  of  resistant  cultivars  to 
control  insect  pests.  One  of  the  most  famous  successes  is  that  of  the  development  of 
resistance  in  French  wine  grapes  to  attack  by  the  grape  phylloxera  in  1873  by  grafting  on 
to  American  grape  rootstock.  This  strategy  saved  the  French  wine  industry  (Ortman  and 
Peters  1 980).  Resistant  varieties  of  wheat  and  apples  were  first  developed  and  cultivated 
in  the  USA  during  the  eighteenth  and  early  nineteenth  centuries  (Smith  1989).  High- 
yielding,  pest-resistant  rice  cultivars  were  used  in  tropical  Asia  during  the  "Green 
Revolution"  of  the  1960s.  These  cultivars  helped  several  countries  in  southern  and 
southeast  Asia  meet  the  food  production  needs  of  their  populations  (Smith  1989).  Use  of 
insect-resistant  crop  cultivars  is  still  the  principal  method  of  control  of  some  major  pests 
today  (Stoner  1996). 

Many  crops  with  resistance  to  insect  pests  have  already  been  developed  (Tables  1 
and  2  in  Stoner  1996).  A  survey  on  insect-resistant  germplasm  released  in  the  USA  from 


1988  to  early  1994  indicated  that  34%  of  1 17  releases  were  in  grain  crops,  27%  in  alfalfa 
and  clover,  15%  in  cotton,  1 1%  in  vegetables,  4%  in  fruit  and  8%  in  other  crops  (Stoner 
1996).  Genetic  engineering  techniques  have  made  it  possible  to  transfer  genes  directly 
into  plants,  thus  opening  new  opportunities  for  host  plant  resistance  (Panda  and  Khush 
1995). 

Plant  Resistance  Terminology 

Painter  (1951)  defined  host  plant  resistance  as  the  relative  amount  of  heritable 
qualities  possessed  by  the  plant,  which  influence  the  ultimate  degree  of  damage  done  by 
the  insect.  Three  modalities  of  plant  resistance,  originally  defined  by  Painter  (1951)  but 
modified  by  Horber  (1980),  are  commonly  referred  to  in  plant  resistance  literature: 
antixenosis,  antibiosis,  and  tolerance.  However,  not  all  resistance  phenomena  can  be 
clearly  classified  into  these  three  categories  of  resistance.  Biophysical  and  biochemical 
plant  defense,  as  well  as  nutritional  factors  are  not  only  involved  in  antixenosis  but  also 
in  antibiosis.  In  certain  cases,  antixenosis  can  not  be  clearly  separated  from  antibiosis 
because  the  deterrent  chemicals  and  toxins  in  the  plant  are  sometimes  difficult  to 
distinguish  (Panda  and  Khush  1995).  Furthermore,  these  three  main  types  of  resistance 
can  interact,  complement  and  compensate  with  each  other  in  different  abiotic  and  biotic 
environments  (Panda  and  Khush  1995).  Overlaying  the  types  of  resistance  are  two 
categories  of  resistance,  constitutive  and  inducible,  that  are  distinguished  based  on 
whether  the  resistant  characters  are  caused  by  extrinsic  stimuli  (Kogan  and  Paxton  1983). 

Antixenosis,  also  referred  to  as  nonpreference  by  Painter  (1951),  is  the  category 
of  plant  resistance  to  insects  that  describes  the  plant  acting  as  a  poor  host  to  deter  or 
reduce  colonization  by  insects.  Antixenotic  characteristics  include  morphological. 
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physical,  or  structural  qualities  (such  as  plant  pubescence,  and  frego  bract),  and 
biochemical  factors  (such  as  arrestants,  attractants,  repellents)  which  interfere  with 
mating,  oviposition,  feeding,  and  food  ingestion  (Panda  and  Khush  1995).  Biophysical 
and  biochemical  factors  affect  the  behavior  of  an  insect  pest  to  force  it  to  choose  an 
alternate  host  plant.  Plants  exhibiting  antixenosis  should  have  a  reduced  initial  number  of 
colonizers  early  in  the  season  and  reduce  the  size  of  the  insect  population  after  each 
generation  as  compared  with  susceptible  plants  (Panda  and  Khush  1995). 

Antibiosis  is  the  resistance  mechanism  that  describes  the  negative  effects  of  a 
resistant  plant  on  the  biology  of  an  insect  after  this  insect  has  colonized  and  started  using 
the  plant.  Such  resistance  results  in  abnormal  insect  growth,  development,  reproduction 
and  survival.  Plants  that  exhibit  antibiosis  reduce  the  reproductive  rate  and  survival  of 
insects  to  slow  the  rate  of  population  increase.  The  antibiotic  properties  of  the  host  plant 
may  be  expressed  as  constitutive  or  induced  resistance  against  herbivores.  These 
properties  may  be  biophysical  (such  as  trichomes),  biochemical  (such  as  toxins,  growth 
inhibitors),  or  nutritional  in  nature  (Panda  and  Khush  1995). 

Tolerance  is  the  resistance  modality  in  which  a  plant  has  the  genetic  ability  to 
withstand  or  recover  from  damage  caused  by  an  insect  pest  abundance  equal  to  that  on  a 
susceptible  cultivar.  Tolerance  does  not  affect  the  rate  of  population  increase  of  the 
target  pest,  but  raises  the  threshold  level,  thereby  allowing  plants  to  outgrow  an  insect 
infestation  or  recover  and  add  new  growth  after  the  destruction  or  removal  of  damaged 
tissues  (Smith  1989,  Panda  and  Khush  1995). 

Constitutive  resistance,  also  called  preformed  resistance  (Pollard  1992),  is  a  broad 
term,  referring  to  the  presence  of  physical  defenses  as  well  as  to  the  absence  of  some 
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required  nutrients,  presence  of  compounds  with  kairomonal  action  and  non-induced 
accumulation  of  secondary  metabolites  with  allomonal  properties  (Kogan  and  Paxton 
1983). 

Induced  resistance  is  the  qualitative  or  quantitative  enhancement  of  the  plant's 
defense  against  pest-related  injury  or  extrinsic  physical  or  chemical  stimuli.  These 
extrinsic  stimuli  are  called  inducers  or  elicitors  (Kogan  and  Paxton  1983).  Induced 
resistance  indicates  the  ability  of  plants  to  reallocate  resources  and  operates  only  after  the 
plant  is  attacked  by  pests  or  stressed  by  other  inducers  (Thaler  and  Karban  1997). 
Constitutive  Resistance 

Constitutive  defense  against  insects  can  be  mediated  by  plant  physical  attributes 
(e.g.,  toughness  of  plant  tissue,  thorns  and  spines),  by  the  presence  of  plant  secondary 
metabolites  (e.g.,  toxins,  repellents,  and  digestibility  reducers),  or  by  other  factors  such  as 
insufficient  nutrition  levels.  Based  on  biosynthetic  criteria,  there  are  three  principal 
groups  of  secondary  metabolites  which  plants  usually  produce  as  constitutive  resistance. 
One  is  a  terpenes  group  (e.g.,  monoterpenes,  sesquiterpenes,  diterpenes,  triterpenes), 
which  is  synthesized  from  acetyl  CoA  via  the  mevalonic  acid  pathway.  The  second 
group  is  phenolics  (e.g.,  chlorogenic  acid,  caffeic  acid,  coumarins,  tannins),  which  are 
formed  via  the  shikimic  acid  pathway  or  malonic  acid  pathway.  The  third  group  is 
nitrogen-containing  compounds  (e.g.,  alkaloids,  glucosinolates,  cyanogenic  glycosides), 
which  are  biosynthesized  primarily  from  amino  acids  (Panda  and  Khush  1995). 

Resistance  at  the  plant  surface.  The  plant  surface  is  recognized  as  the  first  line  of 
defense  against  insect  attack.  Insects  depend  on  a  combination  of  physical  and  chemical 
stimuli  at  the  plant  surface  to  assess  whether  the  plant  is  suitable  for  oviposition,  settling 
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or  feeding  (Woodhead  and  Chapman  1986).  Hairs  or  trichomes  have  been  shown  to  act 
as  physical  barriers,  but  they  may  also  secrete  behaviorally  active  chemicals.  Other 
chemicals  affecting  the  evaluation  process  are  found  within  leaf  waxes  or  other  secretory 
structures  such  as  essential  oil  glands. 

The  surface  of  virtually  all  plants  is  covered  by  an  amorphous  layer  of  waxes 
known  as  the  epicuticular  wax  (Baker  1982),  the  primary  role  of  which  is  to  prevent 
water  loss  (Eigenbrode  and  Espelie  1995).  The  epicuticular  wax  is  comprised  of  mainly 
aliphatic  wax  components,  including  n-alkanes,  wax  esters,  free  fatty  alcohols  and  free 
fatty  acids.  Sugars,  amino  acids,  nonprotein  amino  acids,  sucrose  and  glucose  esters, 
sesquiterpenes,  diterpenes,  phenolics,  phenolic  glycosides  and  glucosinolates  are  also 
components  of  epicuticular  wax  (Woodhead  and  Chapman  1986,  Eigenbrode  and  Espelie 
1995). 

A  growing  number  of  reports  show  that  waxes  on  many  plant  surfaces  either 
enhance  or  deter  oviposition,  feeding  and  movement  of  various  insects  (Juniper  and 
Southwood  1986,  Eigenbrode  and  Espelie  1995).  Leaf  epicuticular  wax  in  Brassicaceae 
crops  appeared  to  be  a  major  antixenotic  factor  that  affects  the  feeding  rate  and  feeding 
pattern  of  the  crucifer  flea  beetle,  Phyllotreta  cruciferae  (Goeze)  (Bodnaryk  1992).  The 
flea  beetle  fed  on  waxy  leaves  at  much  lower  rates  than  on  non-waxy  leaves.  It  is 
hypothesized  that  edge  feeding  on  waxy  leaves,  which  is  associated  with  a  low  feeding 
rate,  may  be  determined  by  physical  and  chemical  factors  that  render  the  leaf  unpalatable 
or  difficult  to  feed  upon,  or  both.  Other  examples  of  leaf  surfaces  containing  feeding 
deterrents  include  Colorado  potato  beetle,  Leptinotarsa  decemlineata  Hawkes,  on 
Solarium  berthaultii  (Yencho  et  al.  1994),  migratory  grasshopper,  Locusta  migratoria 
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(L.),  on  sorghum  (Woodhead  1983),  and  the  brown  planthopper,  Nilaparvata  lugens 
Stal.,  on  rice  varieties  (Woodhead  and  Padgham  1988). 

Fatty  alcohols  and  a-tocopherylquinone  isolated  and  identified  from  the  leaf 
surface  of  a  poplar  clone  were  found  to  stimulate  feeding  by  adult  cottonwood  leaf  beetle, 
Chrysomela  scripta  Fabr.  (Lin  et  al.  1998).  Fatty  alcohols  from  mulberry  stimulated 
feeding  of  larvae  of  the  silkworm  Bombyx  mori  L.  (Mori  1982).  Fatty  alcohols  from 
several  host  plants  stimulated  feeding  of  several  species  of  chrysomelid  beetles  (Adati 
and  Matsuda  1993).  Diamondback  moth  larvae,  Plutella  xylostella  (L.),  spent  more  time 
walking  and  searching  on  a  resistant  cabbage  with  glossy  leaves  than  on  a  susceptible 
variety  with  normal  wax  bloom.  This  behavior  resulted  in  increased  larval  mortality  on 
glossy  plants  due  to  starvation  and  desiccation.  Morphological  characteristics  of  the  leaf 
waxes  were  of  primary  importance  in  causing  higher  net  movement  rates  and  reduced 
feeding  on  glossy  resistant  lines  (Eigenbrode  and  Shelton  1990).  A  similar  behavioral 
pattern  occurred  on  glass  slides  on  which  hexane  or  dichloromethane  extracts  of  leaf 
surface  wax  of  the  two  cabbage  genotypes  were  deposited,  which  implicated  strongly  that 
leaf  surface  waxes  played  an  important  role  in  acceptance  of  cabbage  varieties  by 
diamondback  moth  larvae  (Eigenbrode  et  al.  1991).  Wax  chemistry  was  proposed  to  be 
another  reason  causing  these  behavioral  differences  since  the  chemical  compositions  of 
the  leaf  extracts  were  markedly  different.  Several  compounds,  including  the  triterpenols 
a-  and  p-amyrin,  were  found  only  in  the  glossy  waxes.  Disruption  of  the  leaf  waxes  on  a 
susceptible  cabbage  plant  resulted  in  high  rates  of  larval  movements,  similar  to  those  on 
glossy  resistant  plants  (Eigenbrode  and  Shelton  1990).  Leaf  surface  chemicals  may 
affect  insect  oviposition.  Chemicals  on  the  leaf  surface  of  Brassica  oleracea  stimulated 
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oviposition  by  the  cabbage  root  fly,  Delia  radicum  (L.)  (Roessingh  et  al.  1992)  and 
chemicals  on  carrot  leaves  stimulated  oviposition  by  the  carrot  fly,  Psila  rosae  (F.) 
(Stadlerand  Buser  1983). 

Glandular  and  nonglandular  trichomes  have  been  found  to  be  of  importance  to 
insect  oviposition,  movement  and  feeding  through  mechanical  and/or  chemical  means. 
Physical  factors  such  as  trichome  density,  erectness,  length  and  shape  influence  their 
effects  on  insects  (Johnson  1975).  Nonglandular  trichomes  impart  general  antixenosis 
resistance  by  providing  an  effective  barrier  that  influences  the  attachment  of  insects  onto 
the  plant  surface,  as  well  as  their  movement  and  feeding  (Southwood  1986).  The  high 
number  of  trichomes  on  the  upper  and  lower  surfaces  of  the  leaves  of  a  resistant  maize 
cultivar  was  the  major  reason  for  deterring  oviposition  by  the  stem  borer,  Chilo  partellus 
(Swinhoe)  (Kumar  1992).  Oghiakhe  (1995)  reported  that  pubescence  in  wild  and 
cultivated  cowpeas  adversely  affected  oviposition,  mobility,  food  consumption  and 
utilization  by  the  legume  pod  borer,  Maruca  testulalis  (Geyer).  They  concluded  that  the 
greater  length  and  density  of  nonglandular  trichomes  were  responsible  for  reduced 
oviposition  by  the  borer.  Trichomes  may  also  have  an  antibiotic  effect  on  insects.  For 
example,  hooked  trichomes  on  bean  plants  trapped  or  impaled  adult  leafminers, 
Liriomyza  trifolii  (Burgess)  (Quiring  et  al.  1992),  and  aphids  and  whiteflies  (Sengonca 
and  Gerlach  1984). 

Glandular  trichomes  effectively  reduce  herbivore  feeding  through  the  deployment 
of  adhesives  and  toxins.  Various  compounds  have  been  identified  as  the  active 
components  from  trichomes  (e.g.,  alkaloids,  phenols,  and  aliphatic  hydrocarbons)  and  are 
well  known  feeding  deterrents  to  herbivores  (Southwood  1986).  An  extract  oi Solatium 
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berthaultii  leaves  containing  exudates  from  type  B  trichomes  inhibited  Colorado  potato 
beetle,  L.  decemlineata  (Pelletier  and  Smilowitz  1 990).  2-Tridecanone  and  2-undecanone 
were  the  dominant  compounds  in  the  type  VI  trichomes  of  Lycopersicon  species  which 
were  toxic  to  neonate  larvae  of  the  tomato  pinworm,  Keiferia  lycopersicella 
(Walsingham),  and  the  beet  armyworm,  Spodoptera  exigua  (Hubner)  (Lin  et  al.  1986). 

Furthermore,  some  plants  can  also  rely  on  chemicals  from  other  types  of  glands 
found  on  the  surface  of  the  plant  to  immobilize,  repel  and  poison  herbivores.  These 
include  glandular  excretory  structures,  which  discharge  a  variety  of  oils  and  resins,  and 
oil  glands,  which  contain  various  terpenoid  oils  (Stipanovic  1983).  Ten  essential  oils 
from  Labiate  plants,  such  as  spearmint,  thyme,  and  rosemay,  inhibit  the  settling  of  the 
green  peach  aphid,  Myzus  persicae  (Sulzer),  on  them  in  choice  tests  (Hori  1999).  In  a  no- 
choice  test,  aphids  rarely  settled  on  the  sealing  film  which  covered  the  diet  containing 
spearmint  or  thyme  oil  and  most  of  them  died.  Cotton  pigment  glands  contain  gossypol 
and  other  terpenoids  that  provide  resistance  to  Heliothis  sp.  and  other  cotton  insects 
(Stipanovic  1983,  Parrott  1990,  McAuslane  et  al.  1997). 

Resistance  due  to  internal  factors.  In  addition  to  physical  and  chemical  barriers  at 
the  epidermis,  plants  also  contain  various  biochemicals  acting  as  insect  repellents, 
feeding  inhibitors  and  toxins  that  may  act  constitutively  or  are  induced  by  injury.  These 
biochemicals  protect  plants  at  different  phases  of  growth  and  include  phenolic 
compounds  (e.g.,  flavonoids  and  aromatic  acids),  terpenoids  (e.g.,  sesquiterpene  lactones 
and  heliocides),  nitrogenous  compounds  (e.g.,  amino  acids  and  amides),  proteinaceous 
compounds  (e.g.,  protease  inhibitors  and  lectin)  and  toxic  seed  lipids  (e.g.,  unusual  fatty 
acids)  (Hedin  1986).  Many  such  compounds  have  been  isolated  from  many  plants  and 
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have  been  classified  into  two  broad  categories.  General  resistance  is  not  tissue  specific 
and  chemical  concentrations  increase  as  the  tissue  matures  (e.g.,  acids,  phenols,  terpenes, 
alcohols,  chlorogenic  acid,  quercetin,  tannin,  etc.).  Specific  resistance  factors  reach  their 
highest  concentration  in  young  leaves  and  fruits  and  decrease  as  the  crop  matures  (e.g., 
sinigrin,  tomatine,  solanine,  gossypol,  2,4-dihydroxy-7-methoxy-l,4-benzoxazin-3-one 
(DIMBOA))  (Panda  and  Khush  1 995).  Alkaloids,  such  as  nicotine  and  nomicotine 
extracted  from  tobacco  plants,  were  used  as  early  insecticides  against  insect  pests. 
Pyrrolizidine  and  indole  alkaloids,  and  other  structurally  unrelated  alkaloids  serve  as 
feeding  deterrents  to  many  insects  (Panda  and  Khush  1995).  Plant  lectins,  which  are 
carbohydrate-binding  proteins  of  non-immune  origin  and  cause  cells  to  agglutinate  and 
bind  glycans  of  glycoproteins,  glycolipids,  or  polysaccharides,  are  found  to  affect 
survival  of  lepidopteran,  dipteran,  coleopteran  and  homopteran  insects  (Carozzi  and 
Koziel  1997).  Many  phenolic  compounds  are  widely  distributed  among  vascular  plants 
and  are  thought  to  function  as  chemical  defenses  against  herbivory  because  of  their 
ability  to  interact  with  proteins  and  inhibit  enzyme  functions  (Felton  et  al.  1989). 
Various  phenolic  compounds  are  feeding  deterrents  to  greenbug  aphid,  Schizaphis 
graminum  (Rondani),  and  migratory  locust,  Locusta  migratoria  (Reiche  and  Fairmaire), 
on  sorghum;  stem  borer,  Chilo  suppressalis  (Walker),  on  rice;  leaf  beetle,  Lochmaeae 
capreae  cribrata  (L.),  on  willow;  and  bird  cherry  oat  aphid,  Rhopalosiphum  padi  (L.), 
and  English  grain  aphid,  Sitobion  avenae  (F.),  on  wheat  (see  references  cited  by  Smith 
1989). 

Canalicular  defense.  Latex  is  typically  contained  within  specialized  living  cells  or 
a  series  of  fused  cells  called  laticifers,  which  form  a  complex  network  of  tubes 
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throughout  the  plant  (Esau  1977).  Latex  occurs  in  12,500  species  belonging  to  20 
families  such  as  Apocynaceae,  Asclepiadaceae,  Compositae,  Euphorbiacae,  and 
Moraceae  (Fahn  1979).  The  laticifers  are  under  positive  pressure,  which  results  in  rapid 
emission  of  a  viscous,  often  milky  latex  upon  cutting  (Data  et  al.  1996).  Several  theories 
have  been  proposed  for  the  biological  role  of  latex  in  plants,  including  a  nutritional 
reserve  (Maksymowych  and  Ledbetter  1987),  regulation  of  water  balance  (Sen  and 
Chawan  1 972),  storage  of  nonfunctional  metabolic  by-products  (Biesboer  and  Mahlberg 
1 978),  and  a  defensive  system  containing  adhesives  or  toxins  to  entrap  or  deter 
herbivores  (Dussourd  1993,  1995,  1997,  1999).  When  injured,  many  plants  exude 
viscous  latex  which  frequently  becomes  sticky  on  exposure  to  air  and  may  entrap  or  gum 
up  the  mouthparts  of  small  herbivores  such  as  aphids,  whiteflies  and  ants  (Dillon  et  al. 
1983,  Dussourd  1993,  1995). 

Insects  may  avoid  latex  and  circumvent  mechanical  stickiness  and  possible 
toxicity  of  latex  either  by  severing  veins  or  leaf  petioles  or  by  cutting  trenches  before 
feeding  on  areas  of  the  portion  of  the  plant  isolated  by  the  cuts  (Zalucki  and  Malcolm 
1999,  Dussourd  1997).  A  vein-cutting  feeding  behavior  of  the  chrysomelid  beetle, 
Labidomera  clivicollis  (Kby.),  was  first  observed  on  milkweed,  Asclepias  syriaca,  by 
Dussourd  and  Eisner  (1987).  Labidomera  adults  and  larvae  bit  repeatedly  into  several 
adjacent  branches  of  a  leaf  midrib  to  induce  latex  exudation  before  they  moved  distal  to 
the  cuts  and  fed  on  the  edge  of  the  leaf  with  no  visible  latex  emission  due  to  blockage  of 
further  latex  flow  to  the  sites.  Similar  counteradaptations  also  occur  in  diverse  insect 
groups  from  1 1  families  including  various  caterpillars,  beetles,  katydids,  and  sawflies 
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(Dussourd  and  Denno  1991,  Dussourd  1993,  McCloud  et  al.  1995).  In  each  case,  the 
behaviors  induce  latex  drainage  and  blockage  of  latex  flow  to  intended  feeding  sites. 

Beside  adhesives,  latex  from  many  plants  contains  secondary  metabolites  known 
to  be  toxic  or  deterrent  to  animals.  These  include  cardiac  glycosides  in  Asclepias  latex 
(Zalucki  and  Brower  1992,  Zalucki  and  Malcolm  1999);  diterpenes  (Evans  and  Schmidt 
1976),  triterpenoids  (Spilatro  and  Mahlberg  1986)  and  nonprotein  amino  acids  (Haupt 
1976)  in  Euphorbia  latex;  sesquiterpene  lactones  in  Cichorium  latex  (Rees  and  Harbome 
1985)  and  morphine,  berberine,  and  other  alkaloids  in  Papaver  and  Chelidonium  latex 
(Roberts  1987,  Valle  et  al.  1987).  Latex  produced  by  sweetpotato  served  as  a  potential 
defense  mechanism  against  the  sweetpotato  weevil,  Cylas  formicarius  (F.).  Less  weevil 
feeding  damage  was  found  on  young  vine  material  with  more  latex  production  than  on 
older  more  mature  portions  of  the  vine.  Both  feeding  and  oviposition  were  reduced  when 
latex  was  applied  to  the  surface  of  root  cores  and  to  a  semi-artificial  media  (Data  et  al. 
1996).  First-instar  larvae  of  the  monarch  butterfly  Danaus  plexippus  L.,  grew  faster  and 
survived  better  on  leaves  of  North  American  milkweed  species  after  the  latex  flow  was 
reduced  by  partially  cutting  the  leaf  petioles  (Zalucki  and  Malcolm  1999).  The  active 
compound  uscharin  isolated  from  latex  of  Calotropis  procer  was  highly  toxic  to  land 
snails  (Hussein  et  al.  1994).  Plant  latexes  from  several  plants  were  found  to  be  highly 
deleterious  to  many  plant  parasitic  nematodes  (Siddiqui  and  Alam  1990). 
Induced  Resistance 

Herbivory-induced  responses  by  plants  have  been  the  subject  of  many  excellent 
reviews  (Baldwin  1989,  Tallamy  and  Raupp  1991,  Karban  and  Baldwin  1997).  Induced 
defense  against  herbivores  has  been  recorded  in  more  than  100  plant  species  in  34 
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families  since  the  1970s  (Karban  and  Baldwin  1997).  Wound-induced  resistance  by 
herbivores  or  mechanical  means  can  be  correlated  with  the  induction  of  activities  of 
oxidative  enzymes  such  as  lipoxygenase  (LOX),  peroxidases  (POD),  and  polyphenol 
oxidase  (PPO)  (Bi  et  al.  1994),  synthesis  of  primary  products  such  as  protease  inhibitors, 
and  vitamins  (Green  and  Ryan  1972,  Stout  et  al.  1998,  Bi  et  al.  1994,  1997),  enhanced 
synthesis  of  secondary  metabolites  such  as  phenolic  compounds,  terpenoids,  and  nitrogen 
compounds  (Bi  et  al.  1997,  Tuomi  et  al.  1988,  Hartley  and  Lawton  1991,  McAuslane  et 
al.  1997,  Baldwin  1991,  Baldwin  and  Ohnmeiss  1994),  or  decline  in  the  nutritional 
quality  such  as  protein  and  amino  acids  (Bi  et  al.  1994,  1997).  Moreover,  many  of  these 
induced  responses  are  a  complex  phenomenon  and  associated  with  multiple  components 
of  induced  biochemical  pathways.  Several  plant  species  including  tomato,  potato, 
tobacco,  and  cotton  have  been  studied  in  considerable  depth.  Growth  of  larval 
Helicoverpa  zea  Boddie  was  significantly  decreased  when  they  fed  on  previously 
damaged  foliage  or  squares  of  cotton  compared  to  the  controls  (Bi  et  al.  1994).  This  was 
due  to  a  significant  decline  in  host  nutritional  quality  of  protein  and  most  amino  acids  in 
both  foliage  and  squares  after  herbivory,  increases  in  activities  of  oxidative  enzymes  such 
as  POD,  ascorbate  oxidase,  and  diamine  oxidase,  and  increases  in  the  levels  of 
chlorogenic  acids  and  lipid  peroxides.  Because  of  the  decline  in  the  nutritional  quality  of 
foliar  protein,  and  increases  in  LOX  activity,  lipid  peroxidation  products,  and  trypsin 
inhibitor  content,  the  growth  rate  of  fourth-instar  H.  zea  was  reduced  significantly  after 
they  fed  on  wounded  tomato  foliage  (Bi  et  al.  1994,  Bi  and  Felton  1995).  The  enhanced 
production  of  phenolic  compounds  was  indicated  by  an  increase  in  the  activity  of 
phenylalanine  ammonia  lyase  (PAL)  in  wounded  tissues  (Bi  and  Felton  1995). 
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There  are  three  time  scales  proposed  for  the  study  of  induced  responses  (Baldwin 
1989,  Edwards  and  Wratten  1983).  First,  highly  localized  chemical  changes  occur 
immediately  upon  damage  and  are  restricted  to  the  damaged  tissues,  usually  resulting 
from  the  mixing  of  previously  isolated  enzymes  and  substrates.  The  mechanical  damage 
of  herbivory  caused  the  cyanogenic  glycoside  dhurrin  in  sorghum  to  come  into  contact 
with  an  enzyme,  resulting  in  the  release  of  hydrogen  cyanide  and  protecting  sorghum 
from  further  attack  by  insects  (Woodhead  and  Bemays  1977).  Mustard  oils,  released 
from  damaged  Cruciferae  crops  due  to  the  contact  of  glucosinolates  with  the  enzyme 
myrosinase,  are  known  to  be  toxic  to  many  generalist  herbivores  (Louda  and  Mole  1991). 
On  the  second  time  scale,  rapidly  induced  responses  may  occur  within  hours  or  days  of 
the  injury  and  can  be  systemic  or  localized  to  the  damaged  leaf  Phenolic  compounds 
increased  within  one  day  in  tissues  of  Chinese  cabbage  surrounding  feeding  sites  of  the 
bug  Lygus  disponsi  Linnavuori  (Hori  and  Atalay  1 980).  Chlorogenic  acid  and 
isochlorogenic  acid  are  the  most  commonly  formed  substances,  but  others,  such  as  p- 
coumaric  acid,  caffeic  acid,  and  scopoletin  are  also  commonly  found  (Edwards  and 
Wratten  1983).  On  the  third  time  scale,  more  widely-dispersed  changes  (systemic 
induced  response)  may  affect  an  entire  organ,  branch  or  plant  by  de  novo  synthesis  and 
activation  of  a  suite  of  phytochemicals  within  days  or  years  of  injury.  One  example  of 
the  third  category  of  induced  resistance  is  the  production  of  protease  inhibitors  in  tomato 
(Green  and  Ryan  1972).  Colorado  potato  beetle  feeding  or  mechanical  wounding  of  a 
tomato  leaf  induced  the  rapid  accumulation  of  trypsin  and  chymotrypsin  inhibitors 
throughout  the  above-ground  plant  tissues.  Systemic  induced  resistance  has  received 
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much  research  attention  from  ecologists  because  of  its  potential  importance  in  regulating 
herbivore  populations  (Karban  and  Myers  1989). 

The  patterns  of  systemic  induced  resistance  may  be  correlated  with  the  degree  of 
vascular  connectivity  between  damaged  leaves  and  sampled  leaves  (Jones  et  al.  1993) 
based  on  the  theory  of  the  vasculature  as  the  primary  path  of  material  transport  between 
leaves  (Geiger  1987).  In  eastern  cottonwood,  the  pattern  of  systemically  induced 
resistance  was  found  to  be  directly  related  to  the  distribution  of  the  plant  vasculature 
(Jones  et  al.  1993).  Mechanical  damage  to  an  individual  leaf  resulted  in  systemically 
induced  response  in  non- adjacent,  orthostichous  leaves  with  direct  vascular  connections. 
However,  the  plant  vascular  connection  was  not  found  to  be  related  with  the  spread  and 
spatial  extent  of  the  induced  resistance  in  Betula  pendula  Roth  saplings.  Instead,  the 
resistance  levels  of  all  leaves  increased  following  the  damage  (Mutikainen  et  al.  1996). 

Host  Plant  Resistance  to  Diabrotica  balteata 

Cucurbitacins,  some  of  the  bitterest  compounds  and  extremely  toxic  to  most 
invertebrate  and  vertebrate  herbivores,  are  well  known  phagostimulants  for  diabroticite 
beetles  (Peterson  and  Schalk  1985,  Deheer  and  Tallamy  1991).  It  was  suggested  that 
selective  breeding  had  either  removed  or  reduced  these  extremely  bitter  cucurbitacins  to 
very  low  levels  in  leaves  and  fruits  of  crop  plants  (Metcalf  et  al.  1982).  Nugent  et  al. 
(1984)  reported  that  bitter  seedlings  of  muskmelon  were  observed  to  be  more  susceptible 
to  feeding  by  A  balteata  than  the  non-bitter  seedlings.  The  genetic  study  of  resistant 
materials  showed  that  two  recessive  genes,  bibi  (non  bitter  genes)  and  cblcbl,  were 
responsible  for  the  muskmelon  seedling  resistance.  The  bi  gene  in  cucumber  may  be  the 
major  reason  for  its  resistance  to  D.  balteata  adults  (Da  Costa  and  Jones  1971).  Six 
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varieties  of  cantaloupe  were  evaluated  for  their  antixenosis  to  D.  balteata  (Overman  and 
MacCarter  1972).  One  cultivar  AC  67-59  was  found  to  be  less  preferred  by  the  adults. 
Soybean  plant  introductions  were  screened  for  resistance  to  two  beetles,  including  D. 
balteata,  in  a  no-choice  laboratory  bioassay.  Several  introductions  were  found  to  express 
a  greater  degree  of  resistance  to  this  beetle  than  others  (Layton  et  al.  1987).  Resistance  in 
sweet  potato  cultivars  to  larval  D.  balteata  was  confirmed  by  Schalk  et  al.  (1986). 
Whole  roots  had  the  highest  resistance  level,  the  cortex  was  intermediate,  and  stellar 
tissue  was  the  least.  Antibiosis  tended  to  be  expressed  more  strongly  in  the  early  and  late 
season  than  in  the  mid-season.  In  addition,  methods  to  evaluate  sweet  potatoes  for 
resistance  to  D.  balteata  in  the  field  were  developed  (Schalk  and  Jones  1 982). 

Different  screening  methods  have  been  used  to  evaluate  the  resistance  of  plant 
genotypes  against  D.  balteata.  A  rating  scale  was  the  most  commonly  used  method  for 
measuring  resistance.  A  subjective  rating  of  D.  balteata  damage  was  used  in  the  field  to 
study  the  resistance  in  soybean  based  on  the  following  scales:  low,  no  or  very  few 
feeding  holes  per  leaflet  on  upper  three  fully  expanded  leaves;  moderate,  one  to  two 
feeding  holes  per  leaflet  on  upper  three  fully  expanded  leaves;  and  high,  three  or  more 
feeding  holes  per  leaflet  on  upper  three  fully  expanded  leaves  (Layton  et  al.  1987).  A 
rating  scale  from  1  to  5  (1=100%  consumed,  2=75%  consumed,  3=50%  consumed, 
4=25%  consumed,  and  5=no  feeding)  was  applied  to  screen  for  resistance  in  muskmelon 
to  this  beefle  (Nugent  et  al.  1984).  In  order  to  minimize  the  effects  of  plant  size  on 
resistance  ratings,  a  leaf  disk  technique  was  used  and  the  proportions  of  the  disks 
consumed  by  the  beetles  after  48  h  at  room  temperature  were  rated  visually.  Resistance 
to  three  species  of  cucumber  beetles  including  D.  balteata  was  studied  in  cucumber 
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seedlings  using  a  1  to  3  rating  scale  (0=no  feeding,  3=severe  damage)  (Da  Costa  and 
Jones  1971).  The  extent  of  feeding  damage  was  measured  on  a  scale  of  0-9  to  study  the 
susceptibility  in  melon  (Coudriet  et  al.  1980).  Schalk  and  Jones  (1982)  developed  a 
method  to  artificially  infest  sweet  potatoes  with  eggs  of  D.  balteata  to  evaluate  resistance 
in  this  plant.  Injury  and  damage  ratings  were  obtained  by  counting  the  total  number  of 
holes  per  root  and  also  by  visually  rating  the  damage  to  each  root  (a  1  to  5  scale).  Layton 
et  al.  (1987)  used  leaf  area  consumption  in  addition  to  a  rating  scale  to  determine  the 
resistance  level  in  soybean.  The  leaf  area  consumed  was  then  multiplied  by  the  specific 
leaf  weight  (SLW=dry  weight/leaf  area)  to  obtain  adjusted  dry  weight  consumed,  which 
was  considered  to  give  a  more  accurate  measure  of  feeding  rate  in  cases  where  leaf 
thickness  may  differ. 

Host  Plant  Resistance  in  Lettuce 

Plant  Secondary  Chemicals 

Lettuce  contains  various  identified  chemical  compounds  such  as  terpenes 
(sesquiterpene  lactones),  sterols  (campesterol,  stigmasterol,  ect.),  flavonoids  and  other 
phenolics  (caffeic  acid,  dicaffeoyltartaric  acid,  rutin),  and  alkaloids  (hyoscyamine) 
(Gonzalez  1977).  Two  triterpenes,  the  guaianolides  lactucin  and  lactucopikrin,  were 
isolated  from  dry  latex  of  L.  virosa,  but  lactucopikrin  was  rapidly  degraded  by  enzymes 
in  fresh  latex  (see  references  cited  by  Gonzalez  1977).  Sharpies  (1964)  found  that 
chlorogenic  acid,  isochlorogenic  acid,  caffeic  acid,  glycosides  of  quercetin  and 
kaempferol  existed  in  lettuce  leaves.  A  large  concentration  of  chlorogenic  acid  was 
found  in  lettuce  seeds  (Butler  1960).  The  synthesis  and  accumulation  of  phenolic 
compounds  are  important  aspects  of  secondary  plant  metabolism,  and  the  oxidation  of 
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phenolic  acids  to  quinones  by  the  action  of  PPO  is  responsible  for  the  darkening  of  many 
fruits  and  vegetables  when  mechanically  damaged  (Cole  1984).  In  particular, 
chlorogenic  acid  is  one  of  the  substrates  for  PPO  and  POD  enzymes  (Matheis  and 
Whitaker  1984).  These  enzymes  can  rapidly  convert  chlorogenic  acid  into 
chlorogenoquinone,  a  highly  reactive  molecule  known  to  covalently  bind  to  nucleophilic 
-NH2  and  -SH  groups  of  molecules  such  as  amino  acids  and  proteins.  This  binding 
reduces  leaf  nutritional  quality  to  the  herbivore  (Matheis  and  Whitaker  1984).  Cole 
(1984)  used  high  performance  liquid  chromatography,  gas  chromatography  and  UV 
absorbance  to  investigate  the  presence  of  certain  compounds  in  certain  lettuce  cultivars 
and  the  lettuce  root  aphid.  Pemphigus  bursarius  (L.).  Isochlorogenic  acid  was  found  to 
be  the  only  caffeoylquinic  acid  detected  in  quantity  and  there  was  a  greater  concentration 
in  resistant  than  in  susceptible  cultivars.  The  first  enzyme  in  the  phenyl  propanoid 
pathway,  PPO,  was  more  active  in  resistant  cultivars.  The  higher  level  of  browning  in 
resistant  cultivars  was  not  related  to  the  level  of  PPO  activity  but  to  the  higher  levels  of 
isochlorogenic  acid.  The  concentrations  of  caffeoylquinic,  chlorogenic  and 
isochlorogenic  acids  were  used  as  criteria  for  screening  lettuce  breeding  material  for 
resistance  to  the  lettuce  root  aphid,  P.  bursarius,  through  UV  fluorescence  (Cole  1987). 
Genetic  Resistance 

Genetic  resistance  of  lettuce  to  the  lettuce  root  aphid  and  several  leaf  aphids  has 
been  extensively  investigated  in  the  Netherlands.  Almost  complete  resistance  to  the  leaf 
aphid,  Nasonovia  ribisnigri  (Mosley),  was  found  in  Lactuca  virosa  L.,  and  transferred  to 
L.  saliva  through  a  series  of  interspecific  crosses  (Eenink  et  al.  1982).  This  resistance  is 
governed  by  the  dominant  Nr  gene  which  always  locates  at  the  same  locus  (Eenink  and 
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Dieleman  1982).  Nr  also  confers  partial  resistance  to  the  green  peach  aphid,  Myziis 
persicae  (Sulz),  but  has  no  effect  on  Macrosiphum  euphorbia  (Thorn.)  (Reinink  et  al. 
1989).  Two  lettuce  cultivars  were  used  to  investigate  the  inheritance  of  resistance  to 
lettuce  root  aphid  P.  bursariiis  (Elhs  et  al.  1994).  Resistance  was  found  to  be  controlled 
by  a  single  dominant  gene,  which  is  linked  to  the  downy  mildew  resistance  gene  Dm6. 
So  far,  no  single  source  of  resistance  was  found  with  resistance  to  all  the  aphid  species. 
Isozyme  electrophoresis  is  a  potential  tool  for  the  identification  of  genetic  markers  in 
practical  plant  breeding  programs  (Tarksley  and  Orton  1983).  Cole  et  al.  (1991) 
surveyed  allozyme  pattern  in  wild  populations  of  four  Lactuca  species  by  routine 
polyacrylamide  gradient  gel  electrophoresis  and  found  that  the  resistance  of  L.  sativa  to 
the  lettuce  root  aphid  was  associated  with  specific  allozyme  bands. 
Nutritional  Quality 

There  is  some  evidence  to  show  that  the  availability  of  aromatic  amino  acids  to 
herbivores  is  limited  and  that  insects  accumulate  these  substances  for  their  growth 
(Bemays  and  Woodhead  1984,  Rahbe  et  al.  1990,  Mollema  and  Cole  1996). 
Phenylalanine  was  one  of  the  limiting  nutrients  for  the  fifth  instar  nymphs  of 
Schistocerca  gregaria  (Forskal)  when  feeding  on  lettuce.  Supplementing  this  amino  acid 
invariably  increased  the  efficiency  of  ingested  food  conversion  to  body  substance 
(Bemays  and  Woodhead  1984).  Mollema  and  Cole  (1996)  analyzed  four  important  crops 
including  lettuce  with  unknown  levels  of  resistance  to  thrips  and  found  that  a  highly 
significant  positive  correlation  existed  between  aromatic  amino  acid  concentrations  in 
leaf  protein  and  thrips  damage,  regardless  of  crop  species.  Electrical  penetration  graphs 
of  iV.  ribisnigri  feeding  on  resistant  and  susceptible  lettuces  showed  a  large  reduction  in 
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the  duration  of  food  uptake  on  the  resistant  hne,  leading  the  authors  to  suggest  that 
resistance  was  located  in  the  phloem  vessel.  Both  mechanical  blocking  of  the  sieve 
element  after  puncturing  and  a  difference  in  composition  of  the  phloem  sap  are  possible 
resistant  factors  (van  Helden  and  Tjallingii  1993).  Investigation  of  phloem  sap 
collections  from  L.  sativa  by  three  different  methods  (stylectomy,  honeydew  collection 
and  EDTA  chelation)  found  that  the  sugar  yield  from  the  resistant  lettuce  was  around 
30%  lower  than  that  on  the  susceptible  plant  (van  Helden  et  al.  1994a  ).  However,  no 
difference  in  amino  acid  composition  was  found  in  the  phloem  samples  from  near 
isogenic  susceptible  and  resistant  lines  of  lettuce  (van  Helden  et  al.  1994b)  except  that  the 
total  concentration  of  amino  acids  was  50%  lower  in  the  resistant  lines  compared  to  the 
susceptible  line.  Sucrose  was  the  main  sugar  in  lettuce  phloem,  but  fructose  and  glucose 
were  also  detected.  HPLC  chromatograms  showed  numerous  unidentified  secondary 
plant  compounds  in  honeydew  and  EDTA  samples,  but  these  compounds  were  not 
identified  and  had  no  evidence  to  show  that  these  compounds  were  involved  in  resistance. 
Nuessly  and  Nagata  (1994)  found  that  there  were  differential  responses  in  the  stipple  rate 
by  Z.  trifolii  among  four  romaine  lettuce  cultivars  (Floricos  83,  Parris  island  Cos,  Tall 
Guzmaine  and  Valmaine).  Females  of  L.  trifolii  preferred  Tall  Guzmaine  for  oviposition, 
and  lived  significantly  longer  on  this  cultivar  (Nagata  et  al.  1998).  An  investigation  of 
leaf  surface  morphology  did  not  find  any  obvious  difference  among  the  four  lettuce 
cultivars,  and  no  physical  barriers  were  found  to  be  responsible  for  the  difference  in 
stipples  by  adult  leafminers  (Nuessly,  personal  communication).  It  was  suggested  that  a 
nutritional  factor  may  be  involved  in  host  plant  resistance  in  lettuce  to  the  leafminer 
(Nagata  etal.  1998). 
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Possible  Evidence  of  Inducible  Resistance 

Plant  hypersensitivity  is  a  term  primarily  used  by  plant  pathologists  to  describe  a 
response  to  infection  by  pathogens  as  well  as  to  many  nonpathogenic  stimuli,  which 
encompasses  all  morphological  and  histological  changes  that  elicit  the  premature  dying 
or  necrosis  of  the  infected  tissue  (Femandes  1 990).  However,  several  hypersensitive 
reactions  were  also  found  in  plants  against  insect  herbivores  such  as  galling  insects,  bark 
beetles,  adelgids,  and  siricids  (Femandes  1990).  Some  evidence  indicates  that  lettuce 
responds  hypersensitively  when  challenged  by  the  downy  mildew  fungus,  Bremia 
lactucae  Kegel,  resulting  in  highly  localized  accumulation  of  phenolics  around 
penetration  points.  In  addition  to  localized  deposition  of  phenolics,  phenolic  esters 
identified  as  dicaffeoyltartaric  and  chlorogenic  acids  increase  in  concentration  during 
incompatible  interactions  (Bennett  et  al.  1996).  A  second  major  component  of  the 
resistance  response  in  lettuce  to  this  fungus  is  the  localized  accumulation  of  the 
sesquiterpenoid  lactone  phytoalexin  lettucenin  A  when  a  number  of  cells  undergo  the 
hypersensitive  reaction  because  of  B.  lactucae  infection  (Bennett  et  al.  1994).  Cells 
undergoing  rapid  hypersensitive  reactions  subsequently  collapsed  and  became  brown. 
Lettucenin  A  was  significantly  increased  within  one  day  after  inoculation,  but  little 
change  in  concentration  occurred  between  1  and  7  days. 

Research  Goals 

Host  plant  resistance  to  insect  pests  is  a  vital  component  of  integrated  pest 
management  programs  in  agricultural  systems.  The  development  and  use  of  plant 
cultivars  with  resistance  to  insect  pests  requires  continuous  identification  of  resistant  and 
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susceptible  germplasm,  characterization  of  suitable  resistant  sources,  and  understanding 
the  mechanisms  of  these  resistances. 

D.  balteata  is  a  polyphagous  insect  pest  occurring  throughout  the  growing  season 
in  Florida,  which  can  cause  serious  problems  in  lettuce  production.  Since  chemical 
control  is  costly  and  only  partially  effective,  the  development  of  plant  resistance  is 
important  for  controlling  this  herbivore.  Use  of  cultivars  resistant  to  adult  D.  balteata 
also  can  reduce  the  need  for  insecticide  applications.  Plant  resistance  to  adult  D.  balteata 
has  been  found  in  muskmelon  (Nugent  et  al.  1984),  cucumber  (Da  Costa  and  Jones 
1971),  sweet  potato  (Schalk  and  Jones  1982,  Schalk  et  al.  1986),  and  soybean  (Layton  et 
al.  1987).  Preliminary  studies  showed  that  there  were  differences  in  feeding  damage  by 
D.  balteata  adults  among  four  lettuce  cultivars  so  that  it  is  possible  to  screen  cultivars  for 
resistance  against  D.  balteata  (Nuessly,  unpublished  data). 

The  objectives  of  this  research  were  to  develop  effective  bioassay  procedures  to 
screen  lettuce  for  resistance  to  D.  balteata,  compare  different  resistance  levels  among 
four  romaine  lettuce  cultivars,  examine  effects  of  resistance  on  D.  balteata  fitness,  and 
determine  physical  and  chemical  bases  for  this  resistance. 


CHAPTER  2 

RESISTANCE  IN  ROMAINE  LETTUCE  CULTIVARS  TO  ADULT  DIABROTICA 

BALTEATA 


Introduction 

Lettuce,  Lactuca  sativa  L.,  is  one  of  most  important  vegetable  crops  grown  in  the 
United  States  in  terms  of  quantities  produced  and  consumed  (Ryder,  1998).  As  a 
cultivated  crop,  lettuce  also  serves  as  a  favorite  plant  food  to  many  insect  pests  including 
the  banded  cucumber  beetle,  Diabrotica  balteata  LeConte  (Nuessly  and  Nagata,  1993),  a 
polyphagous  species  with  a  host  range  of  more  than  50  plant  species  in  23  families  (Saba 
1970).  Economic  damage  by  D.  balteata  has  been  reported  for  other  crops,  such  as  com 
and  peanut  (Elsey  1988),  common  bean  (Cardona  et  al.  1982),  soybean  (Layton  et  al. 
1987),  sweet  potato  (Schalk  et  al.  1986),  and  cucurbits  (Da  Costa  and  Jones  1971). 
Nuessly  and  Nagata  (1993)  reported  that  adult  D.  balteata  caused  serious  damage  to 
lettuce  plants,  becoming  a  concern  for  lettuce  growers  in  south  Florida.  In  order  to  keep 
their  crops  insect  free  and  to  reduce  economic  losses,  lettuce  growers  frequently  spray 
with  insecticides.  However,  the  excessive  dependence  upon  pesticides  for  insect  control 
is  associated  with  many  economic,  ecological,  and  environmental  disadvantages. 
Moreover,  general  feeding  habits  and  widespread  dispersal  movements  of  the  adults 
make  control  of  this  insect  more  difficult  than  if  they  were  more  sedentary.  Therefore, 
problems  in  controlling  this  pest  have  underlined  the  need  to  find  alternative  control 
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methods  such  as  host  plant  resistance,  which  provides  many  benefits  including  its 
compatibility  with  other  control  methods  in  integrated  pest  management  (Smith  1989). 

Host  plant  resistance  in  lettuce  to  the  lettuce  root  aphid,  Pemphigus  bursarius  L. 
(Ellis  et  al.  1994),  the  leaf  aphid,  Myziis  persicae  Sulz  and  the  green  lettuce  aphid, 
Nasonovia  ribisnigri  Mosley  (Eenink  and  Dieleman  1982),  and  the  potato  aphid, 
Macrosiphum  euphorbiae  Thomas  (Reinink  et  al.  1989)  has  been  studied  for  many  years. 
Almost  complete  resistance  to  N.  ribisnigri  was  found  in  L.  virosa,  and  this  trait 
transferred  to  L.  sativa  (Eenink  et  al.  1982).  Nuessly  and  Nagata  (1994)  found 
differential  feeding  response  by  the  serpentine  leafminer,  Liriomyza  trifolii  (Burgess), 
among  four  romaine  lettuce  cultivars,  including  'Tall  Guzmaine'  and  'Valmaine'. 
Significant  differences  in  fecundity,  in  the  total  number  of  stipples  (ovipositional 
puncture  wounds  in  the  leaf  surface),  and  in  adult  L.  trifolii  longevity  were  observed 
under  laboratory  conditions  among  the  four  lettuce  cultivars  (Nagata  et  al.  1998).  Plant 
resistance  to  D.  balteata  has  been  found  in  muskmelon  (Nugent  et  al.  1984),  cucumber 
(Da  Costa  and  Jones  1971),  cantaloupe  (Overman  and  MacCarter  1972),  sweet  potato 
(Jones  et  al.  1976,  Schalk  and  Jones  1982),  and  soybean  (Layton  et  al.  1987),  but  no 
previous  research  has  been  done  on  resistance  of  lettuce  to  D.  balteata. 

Preliminary  studies  demonstrated  that  there  were  differences  in  feeding  damage 
hy  D.  balteata  adults  among  four  romaine  lettuce  cultivars,  'Tall  Guzmaine'  (TG),  'Parris 
White'  (PW),  'Short  Guzmaine'  (SG),  and  'Valmaine'  (Val)  in  the  field  (Nuessly, 
unpublished  data),  and  that  resistance  may  be  under  genetic  control.  Therefore,  the 
objectives  of  this  study  were  to  evaluate  four  lettuce  cultivars  for  resistance  against  D. 
balteata  using  leaf  consumption  in  choice  and  no  choice  assays  as  the  criterion,  to 
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examine  the  effect  of  a  resistant  cultivar  on  the  fitness  of  adult  D.  halteata,  and  to 
determine  the  mechanisms  of  resistance  in  lettuce. 

Materials  and  Methods 

Plants 

Four  romaine  lettuce  cultivars  were  selected  and  screened  for  resistance  to  D. 
balteata  based  on  field  observations  (Nuessly,  unpublished  data)  and  on  their  pedigree 
(Fig.  2-1)  (Guzman  and  Zitter  1983,  Guzman  1986).  Seeds  of  TG,  PW,  SG  and  Val  were 
provided  by  R.  T.  Nagata  (Everglades  Research  and  Education  Center,  University  of 
Florida,  FL).  Seeds  of  each  cultivar  were  kept  overnight  in  the  laboratory  in  a  petri  dish 
lined  with  a  wet  filter  paper  at  the  bottom  for  better  germination.  Germinated  seeds  were 
planted  in  a  transplant  tray  filled  with  a  commercial  soil  mix  (MetroMix  220,  Grace 
Sierra,  Milpitas,  CA)  and  grown  for  2  wk  in  a  greenhouse  with  natural  light.  Seedlings 
were  transplanted  to  10-cm  diameter  plastic  pots  filled  with  MetroMix  220.  Each  plant 
was  watered  daily  and  fertilized  weekly  with  10  ml  of  a  lOg/L  solution  of  a  soluble 
fertilizer  (Peters  20-20-20,  N-P-K,  W.  R.  Grace,  Fogelsville,  PA)  from  transplantation 
until  the  end  of  the  experiment.  Plants  with  seven  to  eight  fully  expanded  leaves  were 
selected  and  used  for  all  experiments  which  were  conducted  in  the  laboratory  at  26  ±  1°C 
under  artificial  illumination  (4,  1 10-watt  fluorescent  bulbs,  cool  white)  with  a 
photoperiod  of  14:10  h  (L:D). 
Insects 

A  colony  of  D.  balteata  was  established  from  a  wild  population  of  adults 
collected  from  the  field  in  Belle  Glade,  Florida  in  June  1996.  Rearing  and  manipulation 
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methods  were  based  on  those  described  by  Schalk  (1986)  and  Anonymous  (1996)  with 
some  modifications. 

Adult  cucumber  beetles  were  held  in  a  screen  cage  (30.5  x  30.5  x  30.5  cm)  with  a 
cloth  sleeve  in  an  incubator  with  a  photoperiod  of  14:10  h  (L:D)  at  25  ±  TC,  R.H.  70  ± 
10%.  Every  other  day,  adults  were  fed  leaves  from  lima  bean  (Fordhook  242,  Illinois 
Foundation  Seeds,  Inc.,  IL)  grown  in  trays  in  the  greenhouse  and  sliced  sweetpotato 
tubers  purchased  from  a  grocery  store.  Two  egg-collecting  devices  (8.5  cm  diam.  x  6.5 
cm  high)  were  provided  for  their  oviposition  and  shaded  by  placing  them  under  0.47  L 
strawberry  baskets  turned  upside  down  with  lima  bean  leaves  placed  on  the  top  to 
stimulate  egg  deposition.  The  egg  collecting  device  was  a  round  Rubbermaid®  plastic 
food  container  (8.4  cm  diam.  x  7  cm  high)  covered  with  a  tight-fitting  lid  into  which  a  6- 
cm-diam.  hole  was  cut  and  then  covered  with  a  mesh  screen  (0.1  x  0.2  cm).  Three  layers 
of  cheesecloth  followed  by  three  layers  of  paper  towel  (Kimberly-Clark  Co.,  Roswell, 
GA)  and  one  layer  of  moistened  cotton  balls  were  held  tightly  agaist  the  inside  of  the  lid 
by  a  layer  of  upright  small  vials  (20  ml). 

Cheesecloth  with  eggs  was  collected  every  2  d  and  put  into  a  petri  dish  with  a 
screened  lid.  The  cloth  was  covered  with  moisten  paper  towels  cut  to  fit  the  petri  dish  to 
prevent  dehydration.  Eggs  were  allowed  to  develop  in  the  incubator  as  above  for  4  d 
before  they  were  surface  sterilized  with  500  ml  Clorox  solution  (5.25%  sodium 
hypochloride.  The  Clorox  Co.,  CA)  (30  ml/L  in  water)  for  1  min  in  a  cylindrical 
container  (18  cm  diam.  x  7.5  cm  high).  Sterilized  eggs  were  then  washed  with  distilled 
water  three  times  in  the  container  and  covered  with  a  damp  paper  towel.  The  container 
was  then  covered  with  a  plastic  screen  lid  and  put  back  into  the  incubator.  Eggs  usually 


hatched  after  7  d  from  the  day  of  egg  collection.  On  day  6,  a  small  amount  of  sprouted 
com  seeds  (H93  x  FB37,  Illinois  Foundation  Seeds  Inc.,  IL)  was  placed  in  the  container 
so  there  would  be  food  for  the  emerging  larvae. 

Com  kemels  covered  with  the  newly  hatched  larvae  were  placed  into  a  soil-free 
rearing  container  (32.5  x  17.2  x  10  cm)  with  germinated  com  seedlings  (H93  x  FB37, 
Illinois  Foundation  Seeds  Inc.,  IL).  These  rearing  containers  were  maintained  in  a  room 
with  a  photoperiod  of  14:10  h  (L:D)  at  25  ±  l^C.  After  1  wk,  the  larvae  were  transferred 
into  another  rearing  container  with  fresh  germinated  com  seedlings  to  ensure  adequate 
food  supply.  Com  seedlings  were  prepared  as  follows:  com  seeds  were  soaked  ovemight 
in  a  Clorox  solution  (16  ml/L  in  water),  rinsed  with  tap  water  the  following  moming,  and 
stored  in  a  plastic  food  corltainer  (17.2  cm  diam.  x  15.0  cm  high)  in  the  refrigerator  until 
used.  Soaked  com  seeds  were  evenly  placed  on  one  sheet  of  moistened  preassembled 
germination  paper  (14  x  29  cm)  (Anchor  Paper  Co.,  St.  Paul,  MN).  A  wick  at  each  end 
of  the  paper  was  placed  in  a  tray  filled  with  fresh  water  directly  undemeath  the  rearing 
container.  The  com  seeds  were  then  covered  with  a  double  layer  of  paper  towel  that  was 
also  thoroughly  moistened  with  water.  The  rearing  container  was  covered  with  a  lid  that 
had  a  screened  opening  (7.5  x  13  cm)  for  ventilation.  Seeds  were  allowed  to  germinate 
and  grow  for  3  d  before  their  use  as  food  for  larvae. 

After  larvae  grew  for  1 5  d,  they  were  almost  ready  to  pupate  and  were  transferred 
gently  using  forceps  into  a  pupation  container  (18  cm  diam.  x  7.5  cm  high)  filled  with 
moistened  commercial  soil  mix  (MetroMix  220).  The  soil  mix  was  autoclaved  at  20  psi 
and  12rc  for  99  min.  The  potting  soil  was  kept  moist  enough  that  it  did  not  dry  out  for 
the  entire  pupal  stage,  but  it  was  never  saturated.  The  pupation  container  was  covered 
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with  a  screened  lid  covered  with  dampened  towel  to  retain  moisture.  Adults  emerged 
around  12  d  later  and  were  transferred  into  the  screen  cage  (30.5  x  30.5  x  30.5  cm) 
mentioned  above  for  the  colony  use.  Beetles  to  be  used  for  bioassays  were  separated  by 
sex  during  the  pupal  stage.  Female  pupae  have  two  papillae  below  the  anal  opening  and 
males  lack  such  papillae  (Schalk  1 986).  These  adults  were  collected  within  24  h  of 
emergence,  transferred  to  a  plastic  box  (13.5  cm  diam.  x  13.1  cm  high)  with  a  ventilated 
top  and  sides  containing  a  moistened  paper  towel,  and  held  in  the  incubator  for  another 
24  h  without  food  prior  to  bioassays. 
Binary-choice  Test 

Beetles  were  first  given  a  choice  between  pairs  of  different  romaine  cultivars  to 
evaluate  feeding  resistance.  Beetles  were  exposed  to  the  fully  expanded  attached  leaves 
within  feeding  arenas  made  from  plastic  petri  dishes  (8.9  cm  diam.).  Two  round  holes 
(2.9  cm  diam.)  65  mm  apart  were  cut  from  the  bottom  of  the  dish,  and  a  ventilation  hole 
(5.8  cm  diam.)  was  covered  with  gauze  material  at  the  top  of  the  dish.  The  feeding  arena 
was  attached  to  the  upper  surface  of  two  leaves  of  different  cultivars  using  hair  clips. 
These  leaves  were  matched  for  position  and  age  on  each  plant.  Two  females  and  one 
male  were  released  into  each  arena.  After  48  h,  the  section  of  leaf  containing  the 
damaged  site  was  cut  from  the  whole  leaf  and  placed  between  two  sheets  of  acetate 
transparencies.  Leaf  sections  were  scanned  (JADE  2,  Linotype-Hell,  Taiwan)  and 
imported  into  an  imaging  program  (ImagePC  beta  version  1 ,  Scion  Corporation, 
Frederick,  MD)  where  area  eaten  or  leaf  area  remaining  was  determined.  Feeding 
preferences  were  determined  by  testing  all  possible  pair-wise  combinations  of  the  four 
lettuce  cultivars.  Each  pair-wise  combination  was  replicated  10  times,  and  all  six  pair- 
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wise  combinations  were  tested  simultaneously.  Leaf  areas  consumed  in  feeding 
bioassays  were  expressed  as  area  eaten  in  square  mm.  The  difference  of  leaf  area 
consumption  between  cultivars  was  analyzed  by  paired  Mest  using  Proc  MEANS  (SAS 
Institute  1999). 
No-choice  Test 

Resistance  to  beetle  feeding  was  next  tested  in  no-choice  tests  using  fully 
expanded  attached  leaves.  One  pair  of  beetles  was  confined  on  the  seventh  leaf  (from  the 
cotyledon)  of  a  plant  using  a  clip  cage  with  a  4  cm  diam.  hole  through  which  beetles 
accessed  the  upper  leaf  surface.  The  adults  were  allowed  to  feed  for  48  h.  Leaf  area 
consumed  was  measured  as  described  previously.  This  study  was  arranged  as  a 
randomized  block  design  with  each  cultivar  in  each  block.  A  block  was  the  time  when 
the  four  treatments  (lettuce  cultivars)  were  set  up.  Each  block  was  replicated  sixteen 
times.  Leaf  area  consumed  in  the  feeding  bioassay  was  measured  as  above  and  analyzed 
by  Proc  GLM  (SAS  Institute  1999).  Tukey's  HSD  test  with  a  significance  level  of 
a=0.05  (SAS  Institute  1999)  was  used  for  post-hoc  means  separation. 
Fitness  Bioassay 

Beetle  weight  change  and  egg  production  were  used  to  bioassay  fitness  effects  of 
feeding  on  the  four  romaine  varieties.  Thirty,  48  h-old  unfed  females  were  randomly 
chosen  from  the  colony  and  weighed  individually  before  testing.  These  beetles  were  then 
released  together  with  1 5  males  into  a  plastic  cylindrical  cage  (60  cm  high  x  25  cm 
diam.)  with  ventilated  top  and  sides  containing  two  plants  of  the  same  cultivar.  The 
shortest  period  from  emergence  to  first  egg  deposition  for  D.  balteata  observed  in  the  lab 
was  10  d.  Therefore,  adult  beetles  were  allowed  to  feed  for  10,  13  or  16  d  without 
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providing  an  oviposition  apparatus.  New  plants  were  constantly  provided  for  the  adults 
based  on  the  level  of  damage  in  each  cage  except  for  the  cage  with  Val,  where  Val  plants 
were  changed  every  3  d  because  they  were  hardly  damaged.  At  the  end  of  the 
experiments  (either  10,  13  or  16  d  later),  living  beetles  were  counted  and  weighed 
individually.  Beetles  were  stored  in  a  freezer  (-9°C)  until  they  could  be  dissected  under  a 
dissecting  microscope  to  determine  the  number  of  fully  developed  eggs  in  their  ovaries. 
The  experimental  design  was  a  2  x  2  factorial  with  cultivar  having  four  levels  (TG,  PW, 
SG,  Val)  and  feeding  time  having  three  levels  (10,  13,  16  d).  The  effects  of  cultivar  on 
beetle  egg  production,  weight  change,  feeding  time  and  their  interaction  were  analyzed 
by  Proc  GLM  (SAS  Institute  1999).  Tukey's  HSD  with  a  significance  level  of  a=0.05 
(SAS  Institute  1999)  was  used  for  post -hoc  means  separation. 
Starvation  Test 

Changes  in  egg  production  and  adult  weight  may  be  associated  with  antibiotic  or 
antixenotic  mechanisms.  Therefore,  for  purposes  of  comparison  with  feeding  tests, 
starvation  tests  were  conducted  as  an  approximation  of  extreme  antixenotic  or  poor  food 
nutrition  mechanisms  on  fitness  parameters.  The  experiment  was  designed  as  a 
randomized  complete  block  design.  Four  cylindrical  cages  were  set  up  at  one  time  as  a 
block.  Twenty,  48  h-old-unfed  females  along  with  10  to  25  males  were  released  into 
each  plastic  cylindrical  cage  (60  cm  high  x  25  cm  diam.).  Each  block  was  replicated 
three  times.  Each  cage  received  the  same  number  of  adults  in  each  block.  Each  cage 
contained  either  one  Val  plant,  one  TG  plant,  one  Val  plant  totally  covered  by  a  cloth,  or 
one  TG  plant  totally  covered  by  a  cloth.  All  cages  contained  four  small  water  containers 
(4.5  cm  high  x  3.5  cm  diam.).  The  cloth-covered  plants  were  inaccessible  to  beetle 
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feeding  but  provided  humidity  equal  to  that  in  the  other  two  treatments.  The  plant  pots 
were  also  covered  by  plastic  bags  to  prevent  egg  deposition  into  soil.  Plants  in  all 
treatments  were  changed  every  3  d  including  the  cages  with  covered  plants.  After  7  d, 
living  beetles  were  counted  and  females  were  dissected  to  check  their  ovary  development 
and  egg  production.  The  total  percentage  of  adult  survival,  the  percentage  of  female 
survival  and  the  percentage  of  females  with  yolk  deposition  in  their  ovaries  in  each 
treatment  were  subjected  to  arcsin(sqrt(x))  transformations  before  they  were  analyzed  by 
Proc  GLM.  The  number  of  mature  eggs/female  was  also  analyzed  by  Proc  GLM  (SAS 
Institute  1999).  Tukey's  HSD  with  a  significance  level  of  a=0.05  (SAS  Institute  1999) 
was  used  for  post-hoc  means  separation. 

Results 

Binarv-choice  Tests 

Adult  D.  balteata  ate  significantly  less  from  Val  leaves  than  from  leaves  of  the 
other  cultivars  when  they  were  given  a  choice  between  Val  and  SG,  Val  and  PW,  or  Val 
and  TG  (Table  2-1).  However,  the  beetles  ate  over  two  times  as  much  surface  area  of  Val 
when  it  was  paired  with  PW  as  when  it  was  paired  with  the  other  three  varieties.  D. 
balteata  consumed  almost  10  times  more  TG  foliage  than  Val  foliage  when  they  were 
given  a  choice  (Table  2-1).  There  was  no  significant  difference  (P  >0.05)  in  feeding 
damage  between  TG  and  PW,  TG  and  SG,  or  SG  and  PW.  Beetles  ate  numerically  more 
surface  area  of  TG  than  of  PW  or  SG  in  binary-choice  tests,  but  the  difference  was  not 
significant  at  P=0.05.  D.  balteata  feeding  damage  among  the  four  tested  cultivars 
appeared  to  be  in  the  order  Val<SG<PW<TG. 
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Table  2-1. 

Lettuce  leaf  area  consumed  by  three  adult  D.  balteata  in  48  h  when  presented  a 

choice  between  two  cultivars 

Choice 

Cultivar' 

N 

Leaf  area  eaten  (mm^)  ±  SEM 

Pr  >  ITI" 

Val 

10 

43.2  +  5.7 

Val-SG 

0.0019 

SG 

10 

131. 7±  19.9 

Val 

10 

23.816.0 

Val-TG 

0.0001 

TG 

10 

235.0133.9 

Val 

10 

122.6126.6 

Val-PW 

0.0001 

PW 

10 

393.7147.8 

TG 

10 

409.2  1  49.8 

TG-PW 

0.1908 

PW 

10 

293.6  1  65.8 

TG 

10 

190.8  1  35.9 

TG-SG 

0.1235 

SG 

10 

120.81  12.7 

SG 

10 

128.9137.0 

SG-PW 

0.2396 

PW 

10 

174.5  1  18.1 

"  TG=Tall  Guzmaine,  PW=Parris  White,  SG=Short  Guzmaine,  and  Val=Valmaine. 
P  value  from  paired  Mest. 


No-choice  Test 

Significant  differences  in  leaf  consumption  were  observed  among  the  four 
cultivars  in  no-choice  feeding  tests  (F=52.02;  df=3,56;  P=0.0001)  (Table  2-2).  Adults 
consumed  the  greatest  amount  when  confined  on  TG,  followed  by  PW,  then  SG  and  Val. 
Therefore,  the  order  of  feeding  damage  observed  in  the  binary-choice  tests  was 
confirmed  by  the  results  of  the  no-choice  tests.  There  was  no  significant  difference  in 
area  consumption  between  SG  and  Val  at  the  5%  level,  even  though  adult  D.  balteata  ate 
just  over  half  as  much  Val  as  SG.  The  beetles  did  some  damage  on  Val,  but  the  amount 
consumed  was  less  than  one-sixth  of  that  on  TG. 
Fitness  Bioassay 

The  mean  number  of  mature  eggs  produced  per  female  significantly  differed  after 
feeding  on  the  four  cultivars  for  10  d  (F=66.02;  df=3,  134;  P=0.0001),  13  d  (F=131.81; 
df=3,  134;  P=0.0001),  and  16  d  (F=91.93;  df=3,  134;  P=0.0001)  (Table  2-3).  The  length 
of  feeding  time  (i.e.,  10,  13,  16  d)  also  significantly  affected  egg  production  (F=9.18; 
df=2,  134;  P=0.0002).  There  was  a  significant  interaction  between  the  lettuce  cultivars 
and  the  length  of  feeding  time  on  egg  production  (F=6.26;  df=6,  134;  P=0.0001).  Egg 
production  was  significantly  higher  for  adults  feeding  on  PW  than  on  the  other  varieties 
for  13  and  16  d.  After  13  d,  beetles  that  fed  on  PW  produced  a  mean  of  1 12  eggs 
compared  to  93  on  TG  and  SG  and  none  on  Val.  No  fully  developed  eggs  were  found  in 
the  ovaries  of  female  beetles  reared  on  Val  for  10,  13  or  16  d.  Furthermore,  of  the  42 
surviving  females  out  of  90  originally  feeding  on  Val  that  were  dissected,  only  three  had 
some  small  undeveloped  eggs  after  13  or  16  d  of  feeding.  In  contrast,  the  egg  production 
of  beetles  on  the  other  three  cultivars  was  very  high.  Egg  number  increased  to  the 


Table  2-2.  Mean  leaf  area  consumed  per  pair  of  adult  D.  balteata  in  48  h  confined 
on  four  lettuce  cultivars  in  a  no-choice  situation 

Cultivar' 

N 

Leaf  area  eaten  (mm^)/pair  ±  SEM 

TG 

14 

366.0  ±31.7  a 

PW 

15 

304.21  ±  24.0  b 

SG 

15 

93.8  ±  15.3  c 

Val 

16 

53.5  ±  8.3  c 

'  TG=Tall  Guzmaine,  PW=Parris  White,  SG=Short  Guzmaine,  and  Val=Valmaine. 
Data  within  a  column  followed  by  the  same  letter  are  not  significantly  different 
by  Tukey's  HSD  test  at  the  0.05  level. 
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Table  2-3.  Number  of  fully  developed  eggs  in  ovaries  of  D.  balteata  females  confined  for 

different  lengths  of  time  on  one  of  four  lettuce  cultivars  

Cultivars'  Time  (Days)  (Mean  ±  SEM)  ~ 


10  13  16 


TG 

86  ±4  a 

93  ±6b 

87  ±5  b 

PW 

65±6b 

112±4a 

115±  10a 

SG 

56±  11  b 

93±8b 

76±12b 

Val 

Oc 

Oc 

Oc 

^TG-Tall  Guzmaine,  PW=Parris  White,  SG=Short  Guzmaine,  and  Val^Valmaine. 
Data  within  a  column  followed  by  the  same  letter  are  not  significantly  different  by 
Tukey's  HSD  test  at  the  0.05  level. 


38 

highest  on  day  13  and  decreased  slightly  on  day  1 6.  On  day  13,  all  of  the  females  on  TG 
were  full  of  mature  eggs,  but  on  day  16,  the  percentage  of  females  with  fully  developed 
eggs  had  dropped  to  70%.  This  decrease  in  the  number  of  mature  eggs  in  the  ovaries  of 
female  beetles  was  also  found  on  SG  but  not  on  PW  after  feeding  for  16  d. 

The  weight  of  females  reared  on  Val  was  significantly  lower  than  that  of  females 
reared  on  TG  and  PW  (F=7.15;  df=3,337;  P=0.0001)  for  10  d  (Table  2-4).  The  weight  of 
females  reared  on  Val  was  also  significantly  lower  than  that  of  females  reared  on  TG,  PW 
and  SG  forl3  d  (F=32.93;  df^3,  227;  P=0.0001)  and  16  d  (F=21.71;  df=3,  227; 
P^O.OOOl).  Females  feeding  on  TG  gained  weight,  ranging  from  6.24  to  9.49  mg,  while 
females  feeding  on  Val  gained  only  1.31  to  2.61  mg.  The  highest  weight  gain  occurred 
on  day  1 3  for  each  cultivar. 

Percentage  of  mortality  for  females  on  TG  ranged  from  7  to  33%  when  females 
were  allowed  to  feed  for  10  to  16  d.  This  range  was  lower  than  that  on  Val  with  a  range 
from  40  to  73%.  On  PW  and  SG,  the  ranges  of  percentage  of  female  mortality  were  from 
27  to  47%  and  from  17  to  47%,  respectively. 
Starvation  Test 

The  percentage  of  D.  balteata  still  alive  on  TG  (mean  of  79%)  at  the  end  of  the  7- 
d  experiment  was  the  highest  among  the  four  treatments  (Table  2-5).  When  D.  balteata 
had  access  to  only  water,  its  mortality  was  equally  high  on  the  TG-covered  (1 1%)  and  the 
Val-covered  treatments  (7%).  In  each  block,  3.3%  to  20%  of  beetles  survived  when  no 
food  was  available  7  d  after  the  experiment  was  initiated.  Therefore,  all  treatments  were 
stopped  in  order  to  have  some  data  in  treatments  with  cloth-covered  plants.  Female 
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Table  2-4.  Mean  weight  per  female  D.  balteata  feeding  on  four  lettuce  cultivars  for 
different  lengths  of  time  


Cultivars"   Time  (Days)  (mg  ±  SEM)  

 0  10  13  16 

TG  11.1  ±0.16  a  19.8  ±0.9  a  20.0  ±  0.5  a  18.2  ±0.9  a 

PW  11.5  ±0.2  a  17.0  ±  0.5  b  20.5  ±  0.5  a  20.3  ±  0.6  a 

SG  10.4  ±0.2  a  13.0  ±  0.6  c  18.2  ±  0.5  b  16.5  ±  0.4  ab 

Val  11.0  ±0.4  a  12.5  ±  0.8  c  13.7  ±  0.4  c  13.3  ±  0.7  c 


''TG-Tall  Guzmaine,  PW^Parris  White,  SG=Short  Guzmaine,  and  Val=Valmaine. 
Data  within  a  column  followed  by  the  same  letter  are  not  significantly  different  by 
Tukey's  HSD  test  at  the  0.05  level. 
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Table  2-5.  Results  of  starvation  test  in  which  adult  D.  balteatci  were  confined  with  food 
or  no  food  for  7  d  (Mean  ±  SEM)  

Treatment  Total  Female  Percentage  of  females  Numbers  of  mature 
 survivorship  %     survivorship  %     with  yolk  deposition  eggs/female 


TG 

79±2a 

62±9a 

97 ±3  a 

95  ±6  a 

Val 

49±3b 

40±3b 

18±9b 

O.Ob 

TG-covered 

11  ±2c 

12±3b 

O.Ob 

O.Ob 

Val-covered 

7±3  c 

10±3b 

O.Ob 

O.Ob 

TG-  or  Val-covered  means  plants  of  these  varieties  were  covered  by  a  cloth  so  that 
beetles  could  not  access  them  as  a  food  source. 

Data  within  a  column  followed  by  the  same  letter  are  not  significantly  different  by 
Tukey's  mean  separation  test  at  the  0.05  level. 


k. 


41 

survival  was  the  highest  on  TG,  followed  by  Val,  TG-covered,  and  Val-covered  (Table  2- 
5).  Of  all  the  females  dissected  in  each  treatment,  all  of  them  except  one  female  on  TG 
had  at  least  yolk  deposition  in  their  oocytes,  but  only  1 8%  of  females  surviving  on  Val 
had  yolk  deposition  after  7  d.  The  ovaries  of  females  without  food  had  no  yolk 
deposition  and  they  were  transparent,  looking  much  like  the  ovaries  of  newly  emerged 
females.  Mature  eggs  were  found  in  20%  of  the  females  feeding  on  TG,  averaging  95 
eggs/female  with  a  range  from  74  to  11 9. 

Discussion 

There  are  several  possible  hypotheses  that  may  explain  the  resistance  in  Val 
lettuce.  The  four  romaine  cultivars  tested  are  genetically  related  to  each  other  so  that  it  is 
possible  that  the  resistance  is  under  genetical  control.  This  kind  of  resistance  may  be 
expressed  by  physical  or  chemical  defenses. 

Binary-choice  and  no-choice  tests  indicated  that  Val  exhibits  the  highest  degree  of 
resistance  among  the  four  lettuce  cultivars  tested,  and  that  TG  is  the  most  susceptible 
cultivar  to  D.  balteata  damage.  The  minimal  feeding  damage  on  Val  indicates  that  it  may 
contain  deterrents  or  lack  feeding  stimulants,  either  at  the  leaf  surface  or  internally.  This 
feeding  will  be  further  investigated  in  following  chapters.  Val  has  been  reported  to  be 
nonpreferred  over  TG  by  L.  trifolii,  both  in  choice  and  no-choice  tests,  when  four  lettuce 
cultivars  including  TG  and  Val  were  provided  as  the  only  food  and  oviposition  source 
(Nuessly  and  Nagata  1994,  Nagata  et  al.  1998).  Female  leafminers  survived  significantly 
longer  and  produced  more  pupae  on  TG  than  leafminers  reared  on  the  other  three 
cultivars,  including  Val  (Nagata  et  al.  1998). 
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That  Val  consistently  and  significantly  exhibited  resistance  compared  with  TG 
was  also  seen  in  the  fitness  bioassay.  Females  that  feed  on  Val  had  the  lowest  weight 
among  beetles  that  fed  on  the  four  cultivars  (Table  2-4).  Moreover,  females  feeding  on 
Val  produced  no  mature  eggs  in  three  feeding  periods  when  they  had  no  choice  of  host 
plant  (Table  2-3).  D.  halteata  adults  did  not  feed  much  on  Val  (Table  2-1,  Table  2-2)  due 
to  the  possible  presence  of  lettuce  physical  or  chemical  defenses,  causing  beetles  not  to 
have  enough  nutrients  to  produce  eggs.  In  contrast,  D.  balteata  released  on  TG  fed 
significantly  more  and  generated  more  eggs.  Egg  production  declined  at  16  d  in  females 
fed  on  TG,  PW  and  SG,  which  may  have  been  due  to  egg  reabsoption  by  females  who 
were  not  provided  an  oviposition  site,  or  the  eggs  may  have  been  deposited  before 
dissection.  A  few  eggs  were  found  in  a  slit  on  the  plastic  bag,  which  was  used  to  cover 
soil. 

Based  on  the  starvation  test  (Table  2-3),  most  D.  balteata  could  not  survive 
without  food  for  7  d.  This  was  dramatically  less  than  its  normal  longevity  of  at  least  1 
month  based  on  our  observations  when  supplied  with  sufficient  food.  Because  their 
survival  was  in  jeopardy,  living  females  were  not  able  to  develop  their  reproductive 
systems.  Almost  50%  of  adult  D.  balteata  did  survive  on  Val  for  7  d  by  feeding  on 
yellow  leaves,  major  veins  of  fully  expanded  leaves,  and  on  dead  beetles,  but  most  of 
them  still  did  not  develop  eggs.  This  finding  confirmed  that  females  on  Val  have  no 
mature  egg  development  because  of  their  inability  to  use  the  resistant  cultivar  Val  as  a 
food.  It  is  possible  that  Val  has  some  antixenotic  characters  which  keep  D.  balteata  from 
using  it  as  a  host,  resulting  in  the  size  of  its  next  generation  dramatically  decreasing  as 
compared  with  that  on  the  susceptible  cultivar  TG.  When  D.  balteata  was  given  a  choice 
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between  TG  and  Val,  some  biophysical  or  biochemical  factors  from  Val  may  force  it  to 
choose  TG  over  Val. 

D.  halteata  were  not  randomly  distributed  on  lettuce  plants;  they  liked  to  gather 
together  and  feed  on  a  single  plant  before  they  moved  onto  another  plant  in  a  cage.  Such 
feeding  behavior  contributed  to  the  large  standard  deviations  observed  in  many 
experiments.  This  may  be  due  to  the  release  of  pheromones  given  off  by  the  feeding 
insects  (Regnier  and  Law  1968,  Schalk  et  al.  1990).  The  same  feeding  phenomennon 
was  also  found  when  D.  balteata  fed  on  cucumber  (Da  Costa  and  Jones  1971).  Feeding 
together  may  also  help  adults  to  break  down  physical  defenses  possibly  involved  in 
lettuce  resistance. 

Differences  in  feeding  damage  by  D.  balteata  appear  to  closely  follow  the 
pedigrees  of  the  tested  cultivars  (Fig.  2-1).  Val  and  SG  showed  similar  levels  of 
resistance  when  beetles  had  no  choice  of  food.  SG  is  the  result  of  a  cross  between  Val 
and  another  cultivar  so  it  is  possible  that  SG  inherited  the  resistance  from  Val.  However, 
other  modifying  characters  may  be  also  involved  because  SG  was  significantly  preferred 
over  Val  when  D.  balteata  had  a  choice.  Feeding  on  Val  was  significantly  increased 
when  paired  with  PW  in  binary-choice  tests.  This  suggested  that  PW  might  contain  D. 
balteata  feeding  stimulants.  Although  TG  and  Val  are  related,  TG  was  produced  from  a 
direct  cross  between  SG  and  PW.  Therefore,  the  susceptibility  of  TG  was  probably 
inherited  from  PW.  This  hypothesis  was  also  supported  by  Nuessly  and  Nagata  (1994) 
who  proposed  that  the  susceptibility  of  TG  to  L.  trifolii  was  probably  introduced  with  the 
cross  to  PW. 


This  study  indicates  the  importance  of  breeding  and  selection  processes  in 
developing  resistant  cultivars.  Val  was  the  leading  cultivar  of  romaine  lettuce  grown  in 
Florida  organic  soils,  but  it  was  susceptible  to  thermodormancy,  premature  bolting, 
lettuce  mosaic  virus  and  corky  root  rot  (Guzman  1 986).  Therefore,  plant  breeders  began 
to  develop  and  select  TG  with  improved  characteristics  over  Val.  However,  insect 
resistance  was  not  included  in  the  selection  criteria  (Nuessly  and  Nagata  1994),  and 
unfortunately  TG  is  a  suitable  host  for  L.  trifolii  and  D.  balteata. 

Foliar  feeding  by  D.  balteata  causes  problems  in  lettuce  production  such  as 
decreasing  the  photosynthetic  capacity  of  the  leaves,  introducing  frass  into  the  heads,  and 
opening  the  plants  to  pathogenic  infection.  These  problems  result  in  yield  losses  and 
increased  production  costs.  In  the  southern  United  States,  D.  balteata  adults  can  be 
found  during  much  of  the  year  (Schalk  1 986).  Moreover,  D.  balteata  has  a  very  high 
reproductive  potential;  oviposition  can  last  from  2  to  8  wk,  and  one  female  can  lay  849 
eggs  in  her  lifetime  (Pitre  and  Kantack  1962).  Because  chemical  control  of  the  soil- 
inhabiting  larvae  of  this  beetle  is  unreliable  and  incapable  of  reaching  all  the  larvae  and 
eggs  in  the  soil  (Schalk  et  al.  1986),  an  ideal  way  to  reduce  D.  balteata  populations  may 
be  by  controlling  adult  beetles  (Schalk  et  al.  1990).  This  study  showed  that  Val  has  a 
dramatic  potential  ability  to  retard  D.  balteata  population  development  by  decreasing  the 
weight  and  vigor  of  the  adults,  making  them  more  susceptible  to  other  abiotic  and  biotic 
mortality  factors.  The  detailed  mechanism  of  resistance  in  lettuce  to  the  D.  balteata 
needs  to  be  further  studied  to  help  scientists  develop  new  cultivars  with  desired 
characters,  including  insect  resistance.  Host  plant  resistance  is  of  particular  importance 
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to  control  D.  balteata  with  its  multiple  generations  per  year  in  Florida.  This  strategy  will 
reduce  the  impact  of  this  insect  on  lettuce  and  reduce  pesticide  usage. 
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Fig.  2-1.  Pedigree  relationship  of  lettuce  cultivars. 


CHAPTER  3 

ROLE  OF  THE  LEAF  SURFACE  OF  LETTUCE  IN  RESISTANCE  TO  DIABROTICA 

BALTEATA 

Introduction 

The  outer  surface  of  all  plants  is  coated  with  layers  consisting  of  a  lipid  polymer 
and  a  mixture  of  extractable  lipids,  sometimes  referred  to  as  epicuticular  waxes,  which 
reduce  water  loss  and  help  to  block  the  entry  of  pathogenic  fungi  and  bacteria  (Esau 
1976).  The  chemical  compositions  of  these  layers  vary  among  species,  among  genotypes 
within  a  species,  and  among  parts  within  a  plant  (Eigenbrode  and  Espelie  1995).  These 
variations  are  unlikely  to  affect  greatly  the  ability  of  the  surface  lipids  to  act  as  a  barrier 
to  moisture  loss,  but  are  likely  to  have  a  variety  of  ecological  influences,  including 
mediation  of  insect-plant  interactions  (Eigenbrode  and  Espelie  1995).  The  plant  surface 
is  the  first  physical  contact  between  an  insect  and  a  plant  when  the  insect  lands  or  touches 
the  plant  (Schoonhoven  et  al.  1998).  Important  environmental  cues,  which  lead  insects  to 
make  decisions  to  feed  or  oviposit  on  a  host  plant,  are  associated  with  the  leaf  surface 
contact  sensory  cues  (Derridi  et  al.  1996).  Other  than  epicuticular  waxes,  various 
physical  or  chemical  factors  encountered  at  the  plant  surface  sometimes  are  deployed  in 
glandular  and  nonglandular  trichomes  or  in  resinous  secretions  (Southwood  1986, 
Oghiakhe  1995,  Lin  et  al.  1986,  Hori  1999,  McAuslane  et  al.  1997). 

The  plant  surface,  especially  its  chemistry,  constitutes  the  first  line  of  resistance  to 
insects  (Schoonhoven  et  al.  1998).  Contact  with  these  surface  chemicals  often  suffices  to 
prevent  insects  from  further  investigation  or  usage  of  the  plant  (Schoonhoven  et  al.l998). 
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Epicuticular  waxes  on  the  plant  surface  are  known  to  influence  insect  feeding, 
oviposition  and  movement  either  by  physical  (Stork  1980,  Bemays  et  al.  1983)  or  by 
chemical  mechanisms  (Adati  and  Matsuda  1993,  Eigenbrode  and  Espelie  1995, 
Eigenbrode  and  Shelton  1990,  Eigenbrode  et  al.  1991,  Lin  et  al.  1998).  Epicuticular 
waxes  are  usually  extracted  from  a  plant  surface  using  an  organic  solvent  such  as 
chloroform,  methylene  chloride  or  hexane  (Bakker  et  al.  1998).  Such  extracts  often 
contain  sugars,  amino  acids,  and  secondary  plant  substances  such  as  glucobrassicin  (a 
glucosinolate),  furanocoumarins  and  alkaloids  (Table  3.7  in  Schoonhoven  1998).  A 
resistant  cultivar  of  Sorghum  bicolor  (L.)  Moench  was  shown  to  become  more  acceptable 
to  nymphs  of  Locusta  migratoria  L.  once  waxes  had  been  removed  with  chloroform 
(Woodhead  1983).  Rinses  of  Solarium  berthaultii  Hawkes  leaves  with  methylene 
chloride  deterred  Colorado  potato  beetle  feeding  when  applied  to  S.  tuberosum  tuber  and 
leaf  disks  (Yencho  et  al.  1994).  Surface  lipid  extracts  with  hexane  from  a  rice  cultivar 
resistant  to  the  brown  planthopper,  Nilaparvata  lugens  (Stal),  deterred  feeding  and 
increased  restlessness  of  this  insect  when  the  extracts  were  applied  to  the  surface  of 
susceptible  plants  (Woodhead  and  Padghm  1988). 

Most  plant  waxes  consist  of  a  few  major  classes  of  aliphatic  components 
including  n-alkanes,  wax  esters,  free  fatty  alcohols  and  free  fatty  acids  (Eigenbrode  and 
Espelie  1995).  Differences  in  epicuticular  lipid  composition  were  associated  with 
resistance  of  cultivated  plants  to  herbivores  or  with  herbivore  behavioral  responses 
(Eigenbrode  and  Espelie  1995).  For  instance,  y-hydroxybenzaldehyde  was  identified  as 
an  antifeedant  present  in  the  surface  wax  of  seedling  S.  bicolor  to  nymphs  of  L. 
migratoria  (Woodhead  1982).  Reduced  feeding  by  the  spotted  alfalfa  aphid,  Therioaphis 
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maculata  (Buckton),  was  found  in  alfalfa  genotypes  with  high  levels  of  triacontanol 
(Bergman  et  al.  1991 ).  Aphid  resistant  sorghums  had  higher  levels  of  triterpenols  in  the 
surface  wax  than  did  susceptible  sorghums  (Heupel  1985). 

On  the  other  hand,  plant  surface  chemicals  may  help  some  insects  to  recognize 
their  specific  host  plants.  Several  species  of  chrysomelid  beetles  are  stimulated  to  feed 
by  leaf  surface  wax  of  their  various  host  plants  (Adati  and  Matsuda  1993,  Lin  et  al. 
1998). 

The  composition  of  the  leaf  surface  of  lettuce,  Lactuca  saliva  L,  has  been  reported 
recently  (Pilipenko  et  al.  1994,  Bakker  et  al.  1998).  Pilipenko  et  al.  (1994)  reported  that 
neutral  lipids  such  as  hydrocarbons,  sterols  and  free  fatty  acids  predominated  on  the 
lettuce  leaf  surface,  followed  by  glycolipids  and  phospholipids.  Esters  of  higher  fatty 
acids  and  lower  alcohols  were  also  important  components  of  the  surface  chemicals  of 
lettuce.  Leaf  rinses,  made  with  chloroform,  methylene  chloride,  toluene,  hexane,  and  a 
mixture  of  chloroform  and  methanol,  all  consisted  of  long-chain  linear  alcohols  and 
minor  amounts  of  fatty  acids  (Bakker  et  al.  1998). 

In  Chapter  2,  both  feeding  choice  and  no-choice  experiments  showed  that 
Valmaine  had  the  highest  level  of  resistance  to  the  banded  cucumber  beetle,  Diabrotica 
balteata  LeConte,  among  four  lettuce  cultivars  (Tall  Guzmaine,  Short  Guzmaine,  Parris 
White,  and  Valmaine).  Valmaine  when  fed  upon  had  an  ability  to  inhibit  or  delay  normal 
development  of  the  reproductive  system  of  D.  balteata.  These  results  indicate  that 
Valmaine  may  contain  deterrents  or  lack  feeding  stimulants,  either  on  the  leaf  surface 
and/or  inside  of  leaves.  The  objective  of  this  research  was  to  determine  the  possible  role 
of  the  leaf  surface  chemistry  in  lettuce  resistance  to  D.  balteata.  Feeding  bioassays  were 
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conducted  on  solvent-treated  (hexane,  methylene  chloride,  and  methanol)  lettuce  leaves 
and  on  palatable  lima  bean  leaves  to  which  leaf  rinses  were  applied.  The  amounts  of 
extractable  lettuce  leaf  surface  components  were  also  quantified. 

Materials  and  Methods 

Plants 

Based  on  the  results  in  Chapter  2,  Valmaine  (Val,  resistant)  and  Tall  Guzmaine 
(TG,  susceptible)  were  used  to  search  for  possible  resistance  factors  on  the  leaf  surface. 
Seeds  of  lettuce  cultivars  (provided  by  R.  T.  Nagata,  Everglades  Research  and  Education 
Center,  University  of  Florida,  PL)  were  germinated  overnight  in  a  petri  dish  lined  with  a 
moistened  filter  paper  in  the  laboratory  for  improved  and  uniform  germination. 
Germinated  seeds  were  planted  in  a  transplant  tray  filled  with  a  commercial  soil  mix 
(MetroMix  200,  Grace  Sierra,  Milpitas,  CA)  and  grown  for  2  wk  in  a  greenhouse  with 
natural  light  before  transplanting  into  10-cm  diameter  plastic  pots  filled  with  MetroMix 
200.  Each  plant  was  watered  daily  and  fertilized  weekly  with  10  ml  of  a  lOg/L  solution 
of  a  soluble  fertilizer  (Peters  20-20-20,  N-P-K,  W.  R.  Grace,  Fogelsville,  PA)  from 
transplantation  until  the  end  of  the  experiment. 

Fordhook  242  Lima  bean  seeds  were  purchased  from  a  commercial  company 
(Illinois  Foundafion  Seeds  hic,  IL)  and  sown  in  seedling  tray  cells  containing  MetroMix 
200  in  the  same  greenhouse  where  lettuce  was  grown.  Lima  bean  plants  used  for 
sustaining  the  beetle  colony  were  watered  daily  and  fertilized  weekly  with  the  same 
solution  as  used  for  lettuce  plants  after  they  reached  the  first-true-leaf  stage.  Lima  bean 
plants  used  for  experiments  were  watered  daily  but  were  not  fertilized  because  only  the 
first  true  leaves  were  used. 
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Insects 

Adult  banded  cucumber  beetles  were  obtained  from  a  laboratory  culture  originally 
collected  from  the  field  in  Belle  Glade,  FL  in  June  1996.  Adults  were  reared  in  an 
incubator  at  25  ±  1"C,  14:10  (L:D)  photoperiod,  and  70  ±  10%  humidity  on  lima  bean 
leaves  and  sliced  sweetpotato  purchased  from  a  grocery  store.  Larvae  were  reared  on 
germinated  com  seedlings  in  a  laboratory  at  25  ±  1°C,  14:10  (L:D)  photoperiod  as 
described  in  Chapter  2.  Only  unfed  adults  which  had  emerged  within  the  past  48  h  were 
used  for  all  the  assays. 
Solvent  Effects  on  Extraction 

The  sixth  through  eighth  fully  expanded  leaves  (1  =  first  true  leaf)  were  cut  from 
the  plants  of  each  lettuce  cultivar  in  preparation  for  solvent  extraction.  Excised  leaves 
were  pooled  and  separated  into  groups  of  three  leaves  so  that  each  group  was  treated  as 
one  replicate.  The  leaves  from  each  group  were  immersed  in  hexane  for  5  s,  methylene 
chloride  for  5  s,  or  methanol  for  30  s  at  room  temperature  in  a  fume  hood.  The  length  of 
extraction  depended  on  the  time  before  chlorophyll  was  extracted  into  the  solvent.  After 
dipping,  the  leaves  were  flattened  and  placed  between  two  sheets  of  acetate 
transparencies.  The  total  leaf  area  extracted  was  determined  by  scanning  the  leaves 
(JADE  2,  Linotype-Hell,  Taiwan)  and  importing  the  scanned  images  into  an  imaging 
program  (ImagePC  beta  version  1,  Scion  Corporation,  Frederick,  Maryland).  The 
extracts  were  filtered  through  a  Whatman  No.  1  filter  paper  into  a  preweighed  flask.  The 
solvent  was  evaporated  to  dryness  at  room  temperature  in  the  fume  hood  to  preserve  low 
boiling  compounds.  The  total  amount  of  chemicals  removed  in  each  group  was 
determined  by  weighing  the  residues  and  was  expressed  as  the  amount  of  material 
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removed  per  unit  area.  Data  were  analyzed  as  a  2  x  3  factorial  design  by  Proc  GLM 
(SAS  Institute  1999),  in  which  cultivar  was  treated  as  one  factor  with  two  levels,  and 
solvent  was  treated  as  the  other  factor  with  three  levels  after  data  were  checked  to 
conform  to  assumptions  of  normality.  Post-hoc  means  separation  was  conducted  using 
Tukey's  HSD  test  (a=0.05,  SAS  Institute  1999). 
Feeding  Response  to  Solvent-extracted  and  Normal  Leaves 

The  seventh  or  eighth  fully  expanded  leaves  were  selected  from  plants  with  eight 
fully  expanded  leaves  for  this  assay.  One  pair  of  beetles  was  placed  in  a  binary-choice 
feeding  arena  (described  in  Chapter  2)  and  was  given  a  choice  between  a  solvent-dipped 
leaf  and  a  non-treated  normal  leaf,  both  still  attached  to  the  plants.  After  48  h,  the  section 
of  leaf  containing  the  damaged  site  was  cut  from  the  leaf  and  placed  between  two  sheets 
of  acetate  transparencies.  Leaf  sections  were  scanned  and  imported  into  an  imaging 
program  where  area  consumed  was  determined.  Solvent-dipped  leaves  were  immersed  in 
methylene  chloride  for  5  s  or  in  methanol  for  30  s.  Hexane  was  also  tested,  but 
phytotoxicity  was  so  rapid  and  severe  that  the  leaves  were  not  suitable  for  the  assay. 
Normal  leaves  were  not  dipped  in  any  solvent.  The  feeding  response  of  adult  D.  balteata 
was  tested  in  all  five  possible  pair-wise  combinations  between  leaves  with  and  without 
surface  removal  for  each  cultivar  (Table  3-2).  The  control  pair,  TG  vs.  Val,  was  also 
conducted  to  monitor  the  resistance  level.  There  were  eight  replicates  for  each 
combination.  Area  consumed  on  each  leaf  in  each  treatment  combination  was  analyzed 
by  paired  /-test  using  Proc  MEANS  (SAS  Institute  1999). 
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Feeding  Response  to  Crude  Extracts  in  Binary-choice  Test 

Lima  bean  leaves  were  used  as  the  substrate  to  test  the  effects  of  lettuce  leaf  wax 
crude  extracts  on  D.  balteata  feeding.  The  first  true  leaves  were  cut  from  greenhouse- 
grown  lima  bean  plants  and  their  petioles  immediately  immersed  in  beakers  with  tap 
water.  A  binary-choice  test  arena  (described  in  Chapter  2)  was  used  to  expose  a  pair  of 
adult  D.  balteata  to  two  leaf  areas  on  the  same  lima  bean  leaf  for  24  h.  Based  on  the 
results  of  experiments  of  feeding  response  to  solvent-extracted  and  normal  leaves  (no 
significant  difference  in  feeding  between  Val  leaves  and  Val  leaves  with  surface 
chemicals  removed  by  methanol),  only  methylene  chloride  was  chosen  to  extract  lettuce 
leaf  surface  chemicals  for  the  binary-choice  test.  The  upper  surfaces  of  two  leaf  areas 
were  sprayed  with  either  solvent  or  crude  extract  depending  on  the  experiment  design  as 
described  below.  Extracts  were  applied  at  five  different  concentrations  based  on  the 
natural  concentration  of  methylene  chloride-extractable  chemicals  on  TG  or  Val  leaf 
surfaces.  The  different  concentrations  were  made  from  stock  solution  and  diluted  with 
methylene  chloride  so  that  100  |..il  was  applied  to  each  confined  area.  Leaf  area 
consumption  was  determined  as  described  above  and  analyzed  with  paired  /-test  using 
Proc  MEANS  (SAS  Institute  1999).  A  micro  spray  device  (provided  by  H.  T.  Albom, 
USDA,  ARS,  Gainesville,  FL)  was  used  to  apply  extracts.  This  device  leads  nitrogen  gas 
through  the  horizontal  tube  to  cause  the  solution  to  be  drawn  up  through  the  vertical  tube, 
resulting  in  formation  of  a  fine  spray.  The  solvent  was  allowed  to  evaporate  completely 
in  the  fume  hood  before  the  beetles  were  confined  on  the  leaves.  The  extraction  process 
and  concentrations  used  in  the  bioassays  are  described  below. 
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Crude  extracts.  The  sixth  through  eighth  fully  expanded  lettuce  leaves  were  cut 
from  the  plants  of  TG  or  Val.  Extracts  of  leaf  surface  chemicals  were  prepared  by 
dipping  excised  leaves  in  methylene  chloride  for  5  s.  Extracts  were  filtered  into  a  flask, 
concentrated  to  less  than  5  ml  under  a  nitrogen  stream,  then  transferred  into  preweighed  5 
ml  glass  vials.  The  solvent  was  continuously  evaporated  to  dryness  under  a  stream  of 
nitrogen.  The  total  amount  of  chemicals  removed  from  Val  or  TG  was  determined  by 
weighing  the  residues.  The  vials  were  then  completely  wrapped  with  aluminum  foil  and 
temporarily  stored  in  a  refrigerator  freezer  (-9°C)  before  bioassays.  The  stock  solutions 
of  crude  extracts  were  made  by  redissolving  the  residues  with  methylene  chloride  in  the 
vials. 

Extracts  from  TG  vs.  solvent.  The  five  concentrations  chosen  for  TG  were  13,  27, 
41,  55,  and  69  (xg/cm^.  Among  them,  27  (xg/cm^  was  its  natural  concentration.  One  of 
two  exposed  areas  confined  by  the  binary-choice  feeding  arena  was  sprayed  with  1 00  i^l 
of  an  extract  of  designated  concentration,  the  other  was  sprayed  with  only  1 00  |il 
methylene  chloride.  Each  combination  was  replicated  1 5  times. 

Extracts  from  Val  vs.  solvent.  Five  concentrations,  5,  11,  16,  22,  and  27  \xg/cm^, 
were  also  applied  on  lima  bean  leaf  surfaces.  Among  them,  1 1  ^ig/cm  was  Val's  natural 
concentration.  One  leaf  area  was  treated  with  100  yil  extracts  and  the  other  with  100  )al 
solvent.  Each  combination  was  replicated  1 7  times. 

Extracts  from  TG  vs.  from  Val.  Five  pair-wise  combinations  between  these 
variefies  were  set  up  as  follows:  1 1  \ig/cm^  TG  vs.  27  ]xg/cm^  Val,  1 1  ^g/cm^  TG  vs.  1 1 
Hg/cm^  Val,  27  ^ig/cm^  TG  vs.  1 1  ^g/cm^  Val,  27  ^g/cm^  TG  vs.  27  ^ig/cm^  Val,  and  19 
(j,g/cm^  TG  vs.  19  ^g/cm^  Val.  Two  confined  leaf  areas  on  the  same  lima  bean  leaf  were 
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sprayed  with  100  |li1  extracts  of  either  Val  or  TG  at  the  designated  concentrations.  Each 
combination  had  1 6  rephcates. 

Feeding  Response  to  Crude  Extracts  in  No-choice  Test 

The  same  feeding  arenas  used  in  the  binary-choice  tests  were  used  for  this  test, 
but  only  one  hole  was  clipped  on  a  lima  bean  leaf  sprayed  with  crude  extracts  from  either 
TG  or  from  Val.  The  other  hole  was  covered  to  prevent  beetles  from  escaping.  Crude 
extraction,  preparation  and  spraying  strategy  were  done  in  the  same  manner  as  described 
above.  Five  different  concentrations  and  16  replicates  for  each  concentration  were  used. 
The  five  concentrations  applied  on  lima  bean  leaf  surfaces  for  TG  or  Val  were  6,  10,  17, 
27,  and  55  [ig/crn^.  The  experiment  was  set  up  and  analyzed  as  a  2  x  5  factorial  design 
with  cultivar  as  one  factor  and  concentration  as  the  other  factor  using  Proc  GLM  (SAS 
Institute,  1999).  Post-hoc  means  separation  was  performed  using  Tukey's  HSD  test 
(a=0.05,  SAS  Institute  1999). 

Resuhs 

Solvent  Extract  Comparisons 

The  weight  of  surface  components  extracted  per  unit  of  leaf  area  was  not 
significantly  different  among  the  three  solvents  (F=2.97;  df=2,18;  P=0.0766)  (Table  3-1). 
However,  this  statistic  was  strongly  affected  by  the  nearly  identical  values  for  TG  crude 
extract  weights  among  the  tested  solvents.  Post-hoc  tests  (Tukey's  HSD)  run  on  Val  data 
do  indicate  significant  means  separation  between  crude  extract  weights  for  methylene 
chloride  and  methanol.  The  weight  of  surface  chemicals  extracted  was  significantly 
different  between  the  two  cultivars  (F=87.41;  df=l,  18;  P=0.0001).  No  interaction  was 
observed  between  cultivar  and  solvent,  which  means  that  any  differences  in  the  weight  of 
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Table  3-1 .  Total  amount  of  crude  material  extracted  from  the  leaf  surface  of 
resistant  Valmaine  (Val)  and  susceptible  Tall  Guzmaine  (TG)  lettuce  using 

three  solvents  

Solvent  Crude  extracts  (ng/cm^  ±  SEM) 
  TG  Val 


Hexane  27.8  ±3.1  14.5  ±0.2 

CH2CI2  27.4  ±1.6  11.0  ±1.2 

Methanol  27.8  ±  0.4  18.8  ±1.7 
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components  per  unit  of  leaf  area  among  three  solvents  are  the  same  for  both  cultivars,  and 
any  differences  between  the  cultivars  are  the  same  for  each  solvent  (F=2.48;  df==^2,18; 
P=0. 1117).  Therefore,  data  from  three  solvents  on  different  cultivars  were  pooled  to 
study  the  effect  of  cultivar  on  the  weight  of  leaf  surface  chemicals  removed.  The  weight 
of  components  extracted  from  TG,  with  the  average  of  28  ±  1  )ag/cm^  (mean  ±  SEM),  was 
significantly  higher  than  the  weight  of  components  extracted  from  Val  with  the  average 
of  15  ±  1  |ag/cm^  (mean  ±  SEM)  per  unit  of  leaf  area  (F=66.52,  df=l,  22;  P=O.OOOI). 
Feeding  Response  to  Solvent-extracted  or  Normal  Leaves 

Solvent  extraction  of  lettuce  leaf  samples  led  to  increased  leaf  consumption  by 
beetles  on  both  TG  and  Val  compared  to  untreated  leaves.  Beetles  consumed  at  least 
twice  as  much  lettuce  leaf  tissue  from  methylene  chloride-extracted  leaves  of  TG  and  Val 
(TG  +  S,  Val  +  S)  than  from  untreated  leaves  (TG,  Val)  of  the  same  cultivars  (Table  3-2). 
However,  statistically  significant  differences  (P  <  0.05)  existed  only  between  Val  and 
Val-HS.  Similar  feeding  patterns  for  TG  versus  TG  +S  and  for  Val  versus  Val  +  S  were 
also  found  between  methanol-dipped  leaves  and  untreated  leaves,  but  differences  were 
not  significant  (Table  3-3).  Removing  leaf  waxes  and  their  constituents  from  Val  led  to 
large  increases  in  feeding  compared  to  untreated  leaves.  However,  beetles  still  fed 
significantly  more  from  treated  and  untreated  TG  leaves  than  from  treated  Val  leaves.  In 
the  rest  of  the  treatment  combinations,  regardless  of  whether  leaf  surface  chemicals  were 
removed  by  methylene  chloride  or  methanol,  adults  still  strongly  preferred  to  feed  on 
leaves  of  TG  than  on  leaves  of  Val  (Tables  3-2,  3-3).  Methylene  chloride  extraction  led 
to  greater  increases  in  beetle  feeding  than  did  methanol  extraction,  particularly  for  Val. 
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Table  3-2.  Mean  amounts  of  feeding  by  adult  D.  halteata  on  leaves  of  resistant  Valmaine 
(Val)  and  susceptible  Tall  Guzmaine  (TG)  lettuce  with  and  without  surface  layer  removal 
by  methylene  chloride  (CH2CI2)  


Choice 

Cultivar^ 

N 

Leaf  area  eaten  (mm"  ±  SEM) 

Pr  >  |T| 

TG 

7 

159.2  ±45.1 

TG-TG+S 

0.0938 

TG+S 

7 

346.8  ±  59.9 

Val 

8 

16.6  +  3.7 

Val-Val+S 

0.0015 

Val+S 

8 

193.6  ±36.7 

TG 

8 

326.1  ±57.4 

TG-Val 

0.0009 

Val 

8 

12.0  ±2.5 

TG+S 

8 

442.4  ±  60.7 

TG+S-Val+S 

0.0030 

Val+S 

8 

58.1  ±38.9 

TG+S 

8 

223.4  ±31.9 

TG+S-Val 

0.0003 

Val 

8 

37.6  ±6.9 

"TG+S  =  leaves  from  TG  treated  with  CH2CI2.  Val+S  =  leaves  from  Val  treated  with 
CH2CI2. 
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Table  3-3.  Mean  amounts  of  feeding  by  adult  D.  balteata  on  leaves  of  resistant  Valmaine 
(Val)  and  susceptible  Tall  Guzmaine  (TG)  lettuce  with  and  without  surface  layer  removal 
by  methanol 


Choice 


TG-TG+S 


Cultivar 


TG 
TG+S 


N 


Leaf  area  eaten  (mm^  ±  SEM)       P  >  |T| 


12 
12 


254.7  ±29.3 
317.7  ±26.4 


0.0696 


Val-Val+S 


Val 
Val+S 


12 
12 


54.5  ±  11.1 
95.0  ±27.6 


0.2111 


TG-Val 


TG 
Val 


12 
12 


310.9  ±38.7 
22.1  ±5.7 


0.0001 


TG+S-Val+S 


TG+S 
Val+S 


12 
12 


372.0  ±35.5 
40.3  ±  9.4 


0.0001 


TG-Val+S 


TG 
Val+S 


12 
12 


343.5  +  25.0 
96.4  ±41.2 


0.0001 


TG+S-Val 


TG+S 
Val 


12 

12 


401.0  ±32.3 
34.7  ±9.7 


0.0001 


TG+S  -  leaves  from  TG  treated  with  methanol.  Val+S  =  leaves  from  Val  treated  with 
methanol. 


Browning  was  observed  on  methylene  chloride  treated  leaves  more  often  than  on 
methanol  treated  leaves. 

Feeding  Response  to  Crude  Extracts  in  Binary-choice  Test 

There  was  no  significant  difference  in  adult  feeding  between  control  and  extract 
treated  leaves  when  TG  leaf  extracts  in  methylene  chloride  were  applied  to  lima  bean  leaf 
surfaces,  except  at  the  natural  concentration  of  27  ).ig/cm^  (Fig.  3-1).  At  this 
concentration,  less  feeding  occurred  on  TG  extract-sprayed  lima  bean  leaves  compared  to 
control  leaves.  TG  extracts  above  27  }ig/cm^  led  to  reduced  feeding,  but  it  was 
significant  (P=0.05)  only  at  this  concentration  due  to  large  variation  in  feeding  rates 
between  beetle  pairs.  TG  below  its  natural  concentration  led  to  increased  feeding,  but  it 
was  not  significant. 

The  only  significant  difference  found  between  a  lima  bean  leaf  treated  with  Val 
surface  extracts  and  a  control  leaf  was  at  the  level  of  5  |.ig/cm^  which  was  lower  than  its 
natural  concentration  (Fig.  3-2).  Spraying  Val  extracts  at  this  level  resulted  in  increased 
leaf  area  consumption.  Extracts  above  this  concentration  did  not  result  in  any  consistent 
effect  on  feeding  on  Val.  Application  of  surface  crude  extracts  of  TG  or  Val  to  lima  bean 
leaf  surfaces  at  1.5,  2,  or  2.5  times  their  natural  concentrations  did  not  significantly 
stimulate  or  deter  feeding  by  adult  D.  halteata  (Fig.  3-1,  3-2),  but  caused  sprayed  lima 
bean  leaves  to  be  browned  with  greater  frequency  as  the  concentration  applied  increased. 

No  significant  difference  in  feeding  was  found  in  pair-wise  testing  of  methylene 
chloride  extract  of  TG  and  Val  on  lima  bean  leaves  at  any  concentration  combination 
(Fig.  3-3).  For  example,  when  both  of  the  natural  concentrations  of  Val  (11  ^g/cm^)  and 
TG  (27  ).ig/cm^)  were  sprayed  on  lima  bean  leaf  surface,  the  amount  of  feeding  on  the 
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14  27  41  55  69 


Crude  leaf  extracts  applied  (|ag/cm^) 

Fig.  3-1.  Mean  leaf  area  consumption  by  adult  D.  halteata  exposed  to 
lima  bean  leaves  treated  with  methylene  chloride  extracts  of 
susceptible  Tall  Guzmaine  (TG)  or  control  solvent  (CK)  in  a 
binary-choice  test.  Vertical  lines  indicate  1  SEM.  Asterisk 
=  significant  difference  between  TG  and  control  (CK)  at 
the  0.05  level  by  paired  /-test. 


250 


^Val 


5  11  16  22  27 


Cmde  leaf  extracts  applied  ((ig/cm^) 

.  3-2.  Mean  leaf  area  consumption  by  adult  D.  balteata  exposed  to  lima 
bean  leaves  with  methylene  chloride  extracts  of  resistant  Valmaine 
(Val)  or  control  solvent  (CK)  in  a  binary-choice  test.  Vertical  lines 
indicated  1  SEM.  Asterisk  =  significant  difference  between  Val 
and  Ck  at  the  0.05  level  by  paired  /-test. 
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^TG 
□  Val 


11-27        11-11         19-19        27-27  27-11 


Pair-wise  combinations  of  concentration 

Fig.  3-3.  Mean  leaf  area  consumed  by  adult  D.  balteata  on  lima  bean 
leaves  treated  with  methylene  chloride  extracts  from  either 
susceptible  Tall  Guzmaine  (TG)  or  from  resistant  Valmaine 
(Val)  in  binary-choice  tests.  Vertical  lines  indicate  1  SEM. 


64 

lima  bean  leaf  with  TG  extracts  was  1 72.6  mm^,  which  was  very  close  to  the  amount  on 

the  leaf  with  Val  extracts  (176.7  mm^). 

Feeding  Response  to  Crude  Extracts  in  No-choice  Test 

No  significant  difference  in  feeding  damage  was  observed  between  lima  bean 
leaves  applied  with  extracts  from  TG  or  Val  in  no-choice  tests  (F=0.36;  df=l,  150; 
P=0.5471)  (Fig.  3-4).  However,  extract  concentration  had  a  significant  effect  on  adult 
feeding  (F=3.30;  df=4,150;  P=0.0126).  Adult  feeding  decreased  linearly  when  methylene 
chloride  leaf  rinses  were  applied  in  increasing  concentrations  to  lima  bean  leaf  surfaces 
both  for  TG  (F=6.78;  df-1,150;  P=0.0165)  and  for  Val  (F=5.73;  df=l,150;  P=0.0123). 
No  significant  interaction  was  found  between  concentration  and  cultivar  (F=0.46; 
df=4,150;  P=0.7671). 

Discussion 

The  solvents,  hexane  and  methylene  chloride,  used  in  this  study  were  reported  to 
be  efficient  for  extraction  of  leaf  surface  chemicals  of  lettuce  (Bakker  et  al.  1998).  They 
used  chloroform,  methylene  chloride,  toluene,  hexane,  and  a  chloroform  and  methanol 
mixture  to  extract  the  leaf  surface  of  L.  saliva,  and  found  that  the  distribution  of  wax 
compounds  was  very  similar  for  the  extracts  made  with  various  solvents,  except  for  the 
chloroform  and  methanol  mixture.  Because  the  mixture  of  chloroform  and  methanol 
extracted  chlorophyll  and  some  internal  cytoplasmic  lipids,  such  as  membrane  sterols, 
they  concluded  that  methanol  or  a  combination  of  methanol  with  other  solvents  was  not 
suitable  for  the  extraction  of  leaf  cuticular  waxes  of  lettuce.  However  in  this  study, 
leaves  treated  with  methanol  had  the  least  amount  of  browning  and  wilting  compared  to 
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^TG 
□  Val 


Crude  leaf  extracts  applied  (ug/cm^) 


Fig.  3-4.  Mean  leaf  area  consumed  by  adult  D.  halteata  on  lima  bean 
leaves  treated  with  methylene  chloride  extracts  of 
susceptible  Tall  Guzmaine  (TG)  or  resistant  Valmaine 
(Val)  in  no-choice  tests.  Vertical  lines  indicate  1  SEM. 
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the  other  two  solvents  used.  It  seems  that  methanol  alone  may  be  another  suitable  solvent 
to  extract  polar  leaf  surface  chemicals  from  lettuce  leaves. 

That  leaves  of  lettuce  with  their  surface  chemicals  removed  were  consumed  much 
more,  especially  with  the  resistant  Val,  and  that  the  total  surface  chemical  removed  by 
three  different  solvents  was  significantly  different  between  resistant  and  susceptible 
cultivars,  lead  me  to  promote  a  hypothesis  that  leaf  surface  chemicals  may  have  a  role  in 
expression  of  lettuce  resistance.  However,  leaf  surface  extracts  from  Val  were  not 
deterrent  to  adult  D.  balteata  when  applied  to  lima  bean  leaf  surfaces  at  various 
concentrations  in  binary-choice  and  no-choice  tests.  Leaf  surface  extracts  from  TG 
applied  at  increasing  concentrations  did  not  cause  aduhs  to  feed  more  on  lima  bean  leaves 
but  actually  decreased  feeding  similar  to  extracts  of  Val  (Fig.  3-6).  Therefore,  these 
results  suggest  that  leaf  surface  chemicals  in  lettuce  do  not  explain  resistance  of  Val  to 
adult  D.  balteata.  Reduced  feeding  with  increased  extract  concentrations  may  be  due  to 
the  increased  chance  of  solvent  browning  on  the  leaf  surface  of  lima  bean,  which  resulted 
in  the  leaf  losing  moisture  quickly  and  affecting  adult  consumption.  High  concentrations 
of  extracts  reduced  solvent  evaporation,  causing  solvent  to  remain  in  contact  with  the  leaf 
surface  longer  than  with  lower  concentration  extracts. 

One  possible  reason  to  explain  the  increased  palatability  of  solvent-extracted 
leaves  is  that  removal  of  surface  chemicals  with  solvents  disrupts  the  leaf  surface, 
causing  the  leaves  to  lose  water  and  internal  pressure  easily.  Leaves  with  reduced 
internal  pressure  may  be  unable  to  deploy  a  physical  response  to  beetle  feeding,  such  as 
emission  of  latex  or  other  vascularly  associated  chemicals.  Methylene  chloride  wilted 
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lettuce  leaves  more  easily  than  methanol,  which  may  cause  adults  to  feed  more  on 
methylene  chloride-dipped  leaves. 

Another  possible  reason  for  increasing  palatability  of  solvent-treated  leaves  is  that 
disruption  of  cellular  membranes  by  solvents  may  cause  some  plant  secondary  chemicals 
to  come  together  with  their  specific  degradation  enzymes,  resulting  in  the  breakdown  of 
deterrent  compounds  in  solvent-dipped  leaves.  It  is  well  known  that  many  plant 
secondary  chemicals  against  herbivore  attack  are  also  self-toxic  (Schoonhoven  et  al. 
1998).  In  order  to  prevent  autotoxicity,  plants  usually  store  less  toxic  precursors  of  these 
highly  toxic  compounds  or  store  toxic  chemicals  in  cell  compartments  which  are  remote 
from  metabolism  (i.e.  cell  walls  and  vacuoles;  Schoonhoven  et  al.  1998).  Leaf  browning 
occurred  after  leaves  of  TG  and  Val  were  dipped  in  methylene  chloride  for  less  than  5 
seconds.  Several  oxidizing  enzymes,  such  as  polyphenol  oxidase  or  peroxidases,  are 
responsible  for  tissue  browning  by  oxidation  of  phenolics  to  quinones  at  the  surface  of 
wounded  plant  tissue  where  cell  compartmentation  breaks  down  (Edwards  and  Wratten 
1983,  Dowd  1994).  Therefore,  it  is  possible  that  some  secondary  chemicals,  possibly 
phenolics,  are  broken  down  by  oxidative  enzymes,  resulting  in  increased  feeding  by  D. 
balteata  on  leaves  with  surface  removal  by  methylene  chloride,  although  in  some  cases, 
oxidation  of  phenolics  to  quinones  leads  to  greater  deterrence  of  insect  feeding  (Beck  and 
Reese  1976,  Dowd  1994).  A  similar  hypothesis  was  also  proposed  by  other  researchers 
for  leaves  that  were  dipped  in  non-polar  solvents,  such  as  chloroform  or  hexane 
(Keathley  et  al.  1999,  de  Boer  and  Hanson  1988).  Keathley  et  al.  (1999)  found  that 
chloroform  dipping  rendered  leaves  of  Bradford  callery  pear  palatable  to  the  Japanese 
beetle,  Popilliajaponica  Newman,  but  extracts  containing  surface  waxes  were  not 
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deterrent.  Dewaxed  leaves  of  resistant  Carina  generales  L.  were  more  susceptible  to  the 
tobacco  homworm,  Manduca  sexta  (L.),  but  reapplying  leaf  surface  chemicals  to  the 
dewaxed  leaves  did  not  restore  resistance  (de  Boer  and  Hanson  1988). 

It  is  also  possible  that  the  solvent  used  for  leaf  surface  extraction  destroyed 
chemical  deterrents  or  deterrent  physical  characteristics  of  Val  since  reapplication  of  leaf 
surface  chemicals  on  the  lima  bean  leaves  did  not  restore  the  resistance.  However,  leaves 
from  Val  treated  with  either  methylene  chloride  or  methanol  still  had  strong  resistance  to 
feeding  damage  by  D.  balteata.  Choice  and  no-choice  experiments  in  which  the  leaf- 
surface  extracts  of  Val  were  put  onto  the  lima  bean  leaf  surface  did  not  render  the 
acceptable  lima  bean  leaves  unpalatable.  Apparently,  interior  chemicals  or  other 
unidentified  factors  play  a  major  role  in  resistance  of  Val.  This  possibility  is  investigated 
in  Chapters  4  and  5. 


CHAPTER  4 

INVESTIGATION  OF  THE  PHYTOCHEMICAL  NATURE  OF  RESISTANCE  IN 
LETTUCE  TO  DIABROTICA  BALTEATA  USING  ARTIFICIAL  DIET 

Introduction 

Plants  are  the  richest  source  of  organic  chemicals  on  Earth,  producing  an 
extraordinary  array  of  secondary  metabohtes  to  protect  themselves  at  different  phases  of 
growth  (Schoonhoven  et  al.  1998).  Secondary  plant  metabolites  are  not  universally  found 
in  higher  plants,  but  are  restricted  to  certain  plant  taxa,  or  occur  in  certain  plant  taxa  at 
much  higher  concentrations  than  in  others,  and  are  usually  of  little  or  no  nutritional 
significance  to  insects  (Schoonhoven  1972,  Slansky  1992).  The  vital  role  of  secondary 
plant  metabolites  in  the  defense  system  against  insects  and  other  enemies  has  been 
recognized  as  inhibition  of  food  intake  in  the  majority  of  plant-feeding  insects  by  acting 
as  feeding  inhibitors  (deterrents)  and  toxins  (Panda  and  Khush  1995,  Fraenkel  1959).  A 
few  specialized  species,  however,  exploit  these  chemicals  as  stimulants  (Fraenkel  1959). 
It  has  been  estimated  that  the  total  number  of  secondary  plant  metabolites  may  reach 
100,000  or  more,  but  only  about  10,000  of  them  have  been  chemically  defined 
(Schoonhoven  1982). 

Much  of  the  research  on  plant-insect  interactions  has  centered  on  the 
identification  of  chemicals  important  in  insect  feeding  by  either  applying  plant  chemicals 
to  a  plant  or  to  an  artificial  substrate  (Miller  and  Miller  1986).  As  a  prerequisite  to 
identifying  the  chemicals  involved,  it  is  essential  to  develop  a  reliable,  quantitative  and 
time-efficient  bioassay  for  the  response  of  insects  to  feeding  stimulants  and  deterrents. 
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However,  the  screening  of  plant  extracts  for  feeding  deterrents  and  the  isolation  and 
purification  of  bioactive  compounds  are  often  very  long,  expensive,  and  tedious 
processes.  Insect  feeding  bioassays  especially  require  large  numbers  of  insects  to 
monitor  all  fractionation  and  purification  steps,  and  only  a  small  percentage  of  that  effort 
produces  a  significant  output  because  active  substances  can  comprise  only  a  few  out  of  a 
large  number  of  constituents  (Escoubas  et  al.  1992).  Several  substrates,  some  natural  and 
others  artificial,  have  been  used  for  testing  feeding  inhibitory  activity  of  a  chemical  or 
chemical  mixture  (Miller  and  Miller  1986).  For  example,  test  chemicals  can  either  be 
applied  to  natural  food,  such  as  whole  plants  (Erikson  and  Feeny,  1974),  leaves  (Lewis 
and  van  Emden  1986),  leaf  disks  (Hsiao  and  Fraenkel  1968)  or  mixed  with  an  insect's 
natural  dried  food  (Bemays  and  Chapman  1977).  Test  chemicals  can  also  be  added  to 
artificial  substrates,  such  as  sucrose-flavored  agar  (Alfaro  et  al.  1979),  agar-cellulose  (Ma 
1972),  filter  paper,  glass  fiber  disks  (Blaney  and  Winstanley  1980)  and  artificial  diet 
(Escoubas  et  al.  1992,  Alonso-Amelot  et  al.  1994). 

Artificial  diets  of  known  chemical  composition  have  been  shown  to  be  an 
indispensable  tool  for  studying  the  behavioral  responses  of  insects  to  specific  plant 
compounds  or  the  nutritional  role  of  certain  plant  components  (Schoonhoven  et  al.  1998). 
An  artificial  diet  has  been  reported  to  support  successfully  the  adult  stage  of  the  banded 
cucumber  beetle,  Diabrotica  balteata  (Creighton  and  Cuthbert  1968).  Furthermore,  a 
commercial  artificial  diet  for  adult  D.  balteata  is  available.  Studies  in  Chapter  2  and  3 
indicated  that  the  lettuce  cultivar  Valmaine  was  the  most  resistant  cultivar  against  adult 
D.  balteata  feeding,  and  Tall  Guzmaine  was  the  most  susceptible.  Studies  of  the  leaf 
surface  chemicals  indicated  that  surface  wax  on  lettuce  leaves  was  not  responsible  for 
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resistance  in  Valmaine.  Experiments  in  this  chapter  were  designed  to  determine  whether 
plant  chemicals  inside  lettuce  leaves  act  as  feeding  deterrents  to  adult  D.  balteata  when 
incorporated  into  an  artificial  diet.  Experiments  were  also  designed  to  determine  whether 
the  adults  would  exhibit  a  response  varying  with  the  concentration  of  leaf  powder,  and  to 
determine  whether  lettuce  leaf  powder  can  be  used  as  the  starting  material  for  the 
isolation  of  the  compounds  responsible  for  resistance.  The  quantitative  effect  of  leaf 
powder  on  feeding  responses  was  determined  by  measuring  diet  consumption  and  female 
mass  in  a  binary-choice  situation,  and  reproduction  and  adult  mortality  in  a  no-choice 
situation. 

Materials  and  Methods 

Plants  and  Insects 

Two  lettuce  cultivars,  Valmaine  (Val,  resistant)  and  Tall  Guzmaine  (TG, 
susceptible)  were  used  to  search  for  possible  resistance  factors  in  the  leaves.  Lettuce  was 
planted  as  described  in  Chapter  2. 

Adult  D.  balteata  for  feeding  bioassays  were  obtained  from  a  laboratory  culture 
originally  collected  from  the  field  in  Belle  Glade,  Florida  in  June  1996.  Adults  and 
larvae  were  reared  in  the  same  manner  as  described  in  Chapter  2. 
Preparation  of  Leaf  Powder 

Four  to  five  fully  expanded  middle  lettuce  leaves  were  excised  from  plants  of 
each  cultivar  when  they  had  eight  to  nine  fully  expanded  leaves.  Excised  leaves  were 
immediately  put  into  trays  (30  x  43  cm)  and  transferred  to  a  large  freezer  (-40''C)  for  1  d. 
The  trays  with  frozen  leaves  were  put  into  a  freeze  drier  (model  25SRC,  The  Virtis 
Company,  Gardiner,  NY)  for  4  d.  Freeze  dried  leaves  were  immediately  put  into  plastic 
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bags  in  a  cooler  containing  dry  ice,  transported  to  the  lab  and  ground  in  a  Wiley  mill 
(model  3383-LlO,  Thomas  Scientific,  Mexico)  to  a  uniform  powder  (40  mesh).  Leaf 
powder  was  stored  in  small  airtight  glass  containers  (4.4  cm  diam.,  4.5  cm  high)  in  a 
freezer  (-70°C)  until  used. 
Artificial  Diet 

The  components  of  artificial  diet  were  ordered  from  a  commercial  company  (Bio- 
Serv,  Frenchtown,  NJ).  100  ml  normal  diet  was  prepared  as  follows:  1.74  g  agar  was 
boiled  in  100  ml  deionized  water  on  a  hot  plate  (model  SPA1025B, 
Bamstead/Thermolyne,  Dubuque,  lA).  KOH  solution  (1  ml)  and  diet  dry  mix  (14.91  g) 
were  added  into  the  agar  after  it  had  cooled  below  40°C,  and  thoroughly  mixed  to  avoid 
the  formation  of  lumps.  The  diet  was  poured  into  a  glass  petri  dish  (14  cm  diam.), 
covered  with  the  glass  cover,  wrapped  completely  in  aluminum  foil,  and  stored  in  a 
refrigerator  (4-6°C).  The  test  diet  containing  lettuce  leaf  powder  was  made  by  adding 
fixed  amounts  of  the  leaf  powder  into  the  normal  diet  by  replacement  of  diet  dry  mix  with 
the  same  amount  of  leaf  powder.  Three  treatment  diets  for  each  cultivar  were  made 
containing  10,  20,  or  30%  leaf  powder  incorporated  into  the  normal  diet.  The  diet  dry 
mix  and  leaf  powder  were  thoroughly  mixed  before  they  were  added  to  the  agar.  All 
diets  were  prepared  2  to  3  h  before  the  following  bioassays. 
Binary-choice  Test 

In  order  to  test  whether  beetles  still  preferred  TG  to  Val  when  leaf  powder  made 
from  both  cultivars  was  incorporated  into  an  artificial  diet,  binary-choice  tests  were 
performed.  Diet  disks  (3-4  mm  thick)  were  made  using  a  No.  13  cork  borer  (ca.  2.1  cm 
diam.)  to  punch  out  plugs  from  the  cooled  diet  in  petri  dishes.  The  bottom  and  top  of  the 
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disk  were  covered  with  a  circle  of  plastic,  whose  diameter  was  a  little  bit  larger  than  that 
of  the  diet  disk,  in  order  to  slow  evaporation  rate  and  keep  diet  free  of  frass.  Only  the 
edge  of  the  diet  disk  was  exposed  to  beetle  feeding. 

Each  experimental  unit  consisted  of  six  disks,  three  from  a  diet  with  TG  leaf 
'  powder  and  three  from  a  diet  with  Val  leaf  powder  at  the  same  concentration,  arranged 
alternately  in  a  circle  in  a  plastic  container  (27.5  x  20  x  10  cm).  Twenty-five  unsexed 
and  unfed  adults  emerged  within  48  h  were  released  into  this  container  and  were  allowed 
to  feed  on  the  diet  for  3  d.  Ten  replicates  were  performed  for  each  experimental  unit. 
The  experiments  were  carried  out  in  an  incubator  with  a  photoperiod  of  14:10  (L:D)  at  25 
±  rCand  70  ±  10%  R.  H. 

Moisture  calculation  of  the  fresh  diet  (diet  moisture).  When  the  test  diet  disks 
were  punched  out  from  a  diet,  ten  diet  disks  were  weighed  individually  (disk  fresh  wt) 
before  they  were  put  into  an  oven  at  50  ±  S^'C.  After  2  d,  these  disks  were  reweighed 
individually  (disk  dry  wt).  The  moisture  content  of  each  disk  was  then  calculated  as 
follows.  Disk  moisture  =  (disk  fresh  wt-disk  dry  wt)/disk  fresh  wt.  The  moisture 
content  of  a  diet  was  the  average  moisture  content  of  10  disks. 

Dry  weight  of  a  diet  disk  consumed  (dry  wt  consumed).  The  test  diet  disk  was 
weighed  (test  disk  fresh  wt)  before  it  was  given  to  the  adults.  After  3  d,  the  diet  disk  was 
put  mto  the  oven  at  50  ±  5°C  for  2  d  and  was  weighed  again  to  obtain  its  remaining  dry 
weight  (test  disk  dry  wt  afterwards).  The  dry  weight  of  the  diet  consumed  was  calculated 
as  follows. 

Dry  wt  given  to  beetles  =  test  disk  fresh  wt  x  (1  -  diet  moisture) 

Dry  wt  consumed  =  dry  wt  given  to  beetles  -  test  disk  dry  wt  afterwards 
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The  total  dry  weights  of  TG  and  Val  diets  consumed  in  3  d  were  calculated  by 
adding  up  the  dry  weights  consumed  of  all  the  three  disks  from  the  same  diet  in  each 
experimental  unit.  Dry  diet  consumed  was  analyzed  as  a  split  plot  design  with  random 
blocks  replicated  through  time.  The  three  levels  of  leaf  powder  were  assigned  at  random 
to  whole  plots  within  each  block.  Each  whole  plot  was  divided  into  two  subplots  to 
which  TG  and  Val  diets  were  assigned  at  random  (SAS  Institute  1999).  Post-hoc  means 
separation  was  performed  using  Tukey's  HSD  test  (a=0.05,  SAS  histitute  1999). 
No-choice  Test 

Two  disks  from  the  same  diet  were  presented  to  five  pairs  of  adult  D.  balteata  on 
a  plastic  cover  of  a  plastic  container  placed  upside  down  (10.5  cm  diam.  upper,  7.2  cm 
diam.  bottom,  17.5  cm  high)  in  no-choice  tests.  Adults  used  in  the  trial  were  unfed  and 
had  emerged  within  48  h  of  the  trial.  Diet  disks  with  TG  leaf  powder  at  10,  20  and  30% 
concentrations,  and  diet  with  Val  leaf  powder  at  10,  20,  and  30%  concentrations  were 
tested.  Diet  disks  from  full  strength  Diabrotica  diets  (normal  diet)  were  also  tested  and 
considered  as  0%  leaf  powder.  The  experiments  were  carried  out  in  an  insect  rearing 
room  with  a  photoperiod  of  14:10  (L:D)  at  25  ±  TC.  Before  releasing  these  adults, 
females  were  marked  on  their  elytra  with  blue,  green,  pink,  yellow  or  ivory  paper 
correction  fluid  and  weighed  separately.  After  13  d,  marked  surviving  females  were 
collected  and  reweighed  so  that  their  weight  gain  could  be  calculated.  These  females 
were  stored  in  a  refrigerator  freezer  (-9''C)  until  they  were  dissected  to  check  their  egg 
production.  The  Chi-square  test  was  used  to  analyze  female,  male  and  total  mortality  of 
D.  balteata  on  three  different  diets  for  each  cultivar  and  on  full  strength  Diabrotica  diets. 
Numbers  of  eggs  produced  were  analyzed  as  an  8  x  2  x  4  three  factorial  design  using 
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Proc  GLM  (SAS  Institute,  1 999)  in  which  the  replicate  (repHcating  through  time)  had 
eight  levels,  cultivars  had  two  levels,  and  leaf  powder  concentration  had  four  levels. 
Means  were  separated  using  Tukey's  HSD  test  with  a  significance  level  of  a=0.05  (SAS 
Institue  1999).  Female  final  weight  and  weight  gain  after  a  13-d  feeding  period  were  also 
analyzed  as  a  three  factorial  design  by  Proc  GLM  (SAS  Institue  1999).  Female  initial 
weight  was  used  as  a  covariate  when  analyzing  female  final  weight. 

Results 

Binary-choice  Test 

Significant  differences  in  diet  consumption  were  found  among  the  concentrations 
of  leaf  powder  added  to  the  artificial  diet  (F=47.9;  df=2,  19;  P=0.0001)  (Fig.  4-1).  TO 
diet  consumption  increased  from  11 8.5  mg  to  172.0  mg  with  an  increase  of  leaf  powder 
concentration  from  10%  to  30%.  Similarly,  beetle  feeding  on  Val  diets  increased  from 
104.5  mg  to  166.7  mg  when  the  concentration  of  leaf  powder  increased  fi-om  10%  to 
30%.  No  significant  difference  in  feeding  was  found  between  TG  diets  and  Val  diets  at 
any  concentrafion  (F=1.8717;  df=l,  27;  P=0.1826).  Therefore,  data  of  leaf  area 
consumption  on  TG  diets  and  Val  diets  at  the  same  concentration  were  pooled  to  study  its 
relationship  with  leaf  powder  concentrations.  The  regression  analysis  showed  that  diet 
consumpdon  increased  linearly  with  leaf  powder  concentration  (R^=  0.99)  (Fig.  4-2). 
The  replications  through  time  (time  factor)  had  a  significant  effect  on  the  amount  of  diet 
consumed  by  adult  D.  halteata  (F=17.23;  df=9,  18;  P=0.0001).  Interactions  between  the 
time  and  concentration  (F=0.7633;  df=18,  27;  P=0.7208)  and  between  concentration  and 
cultivar  (F=0.8372;  df=2,  27;  P=0.4438)  were  not  found  to  be  significant. 
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Leaf  powder  concentration 

Fig.  4-1 .  Dry  weight  consumed  by  adult  D.  balteata  feeding  on  diets 
with  lettuce  leaf  powder  of  susceptible  Tall  Guzmaine  (TG) 
and  resistant  Valmaine  (Val)  lettuce  incorporated  at  different 
concentrations  for  3  d  in  binary-choice  tests.  Vertical  lines 
indicate  1  SEM. 
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Fig.  4-2.  Relationship  between  leaf  powder  concentration 
and  diet  consumption  by  adult  D.  balteata  for  3  d 
in  binary-choice  tests.  Vertical  lines  indicate  ±  1 
SEM. 
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No-choice  Test 

Number  of  mature  eggs  produced  by  females  feeding  on  TG  diets  for  1 3  d  did  not 
differ  significantly  from  that  of  females  feeding  on  Val  diets  (F=0.5883;  df=l,  9; 
P=0.4634)  (Fig.  4-3).  Females  feeding  on  TG  diets  with  different  concentrations  of  leaf 
powder  had  65  to  75  mature  eggs  while  females  on  Val  diets  had  63  to  70  mature  eggs. 
Moreover,  the  increasing  concentrations  of  leaf  powder  added  did  not  significantly  affect 
egg  production  of  females,  regardless  of  cultivars  (F=1.8272;  df=3,  24;  P=0.1691).  No 
replication  effect  was  observed  on  egg  production  of  females  feeding  on  diets  with 
different  levels  of  leaf  powder  from  TG  and  Val  (F=2.0708;  df-7,  12;  P=0.1289).  No 
significant  effect  of  the  interaction  among  replication,  cultivar  and  concentration  on 
female  reproduction  was  found  (F=0.5179;  df=21,  125;  P=0.9587).  Neither  were  two- 
factor  interactions  between  replication  and  cultivar  (F=0.9350;  df=7,  26;  P=0.4967),  nor 
between  cultivar  and  concentration  (F=0.8141;  df=3,28;  P=0.4969)  significant. 
However,  the  interaction  between  time  and  concentration  was  significant  (F=2.2539; 
df=21,21;P=0.0347). 

The  percentage  of  females  with  mature  eggs  on  TG  diets  was  not  significantly 
different  from  that  on  Val  diets  at  0,  10,  20  and  30%  levels  (Table  4-1).  Eighty- five  or 
ninety  percent  of  females  feeding  on  the  diets  without  any  TG  (0%  TG)  or  Val  (0%  Val) 
leaf  powder  added  had  mature  eggs  after  13  d.  This  was  not  significantly  higher  than  any 
other  diet  with  either  TG  leaf  powder  or  Val  powder. 

There  was  no  significant  difference  between  cultivars  in  female  survivorship  at  0, 
10,  20  and  30%  leaf  powder  (Table  4-1).  Similarly,  male  survivorship  was  not 
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Fig.  4-3.  Average  number  of  mature  eggs  produced  per  female  after 

feeding  for  13  d  on  diets  containing  leaf  powder  of  susceptible 
Tall  Guzmaine  (TG)  or  resistant  Valmaine  (Val)  lettuce  at 
different  concentrations.  Vertical  lines  indicated  1  SEM. 
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Table  4-1 .  Results  of  no-choice  tests  in  which  adult  D.  balteata  were  allowed  to  feed  on 
diet  with  different  concentrations  of  leaf  powder  from  susceptible  Tall  Guzmaine  (TG) 
and  resistant  Valmaine  (Val)  lettuce  for  13  d 


Category  Cultivar  Leaf  powder  concentration  (Mean  ±  SEM) 


0 

10 

20 

30 

TG 

90.2  ±  4.9 

86.9  ±5.4 

79.417.3 

72.1  19.7 

Percentage  of  females 
with  mature  eggs 

Val 

85.216.0 

80.6  ±5.5 

61.3  17.4 

75.618.8 

1.902 

0.893 

4.075 

5.679 

P 

J. 

V/.  yyj^ 

n  771 

U.  /  /  I 

A  <7C 
U.J  /O 

TG 

70.0  ±  8.5 

70.0  ±8.5 

70.0  1  6.6 

70.018.5 

Female  survivorship 

Val 

80.0  ±7.5 

80.0  ±7.6 

75.017.3 

67.5  1  10.0 

1.038 

1.537 

3.722 

3.651 

p 

0.99 

0  981 

0  811 

u.o  1  y 

TG 

87.5  ±7.5 

85.016.3 

70.01  10.0 

77.515.9 

Male  survivorship 

Val 

90.0  ±  5.3 

87.5  ±5.3 

80.018.5 

87.516.5 

1.772 

0.573 

4.094 

1.485 

P 

0.971 

0.999 

0.769 

0.983 

TG 

80.0  ±6.0 

77.514.9 

72.5  14.9 

72.515.9 

Total  survivorship 

Val 

85.0  ±4.6 

85.014.2 

77.5  15.6 

77.516.7 

1.955 

0.911 

2.805 

2.156 

P 

0.962 

0.996 

0.902 

0.951 
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significantly  different  between  the  cultivars  at  0,  10,  20  and  30  %  leaf  powder  (Table  4- 
1).  Finally,  total  survivorship  was  similar  for  the  two  cultivars  at  0,  10,  20,  and  30%  leaf 
powder  (Table  4-1). 

Female  final  weight  and  weight  gain  during  the  experiment  were  significantly 
affected  by  rephcafion  through  fime  (weight:  F=3.0026;  df=7,  18;  P=0.0285)  (weight 
gain:  F=5.8003;  df=7,  18;  P=0.03)  and  by  cultivar  (weight:  F=12.0303;  df=l,10; 
P=0.006)  (weight  gain:  F=l  1.8162;  df=l,  10;  P=0.0062)  (Table  4-2).  Females  fed  Val 
leaf  powder  diets  gained  significantly  more  weight  than  those  fed  TG  leaf  powder  diets. 
No  significant  differences  in  pre-experiment  weights  were  found  among  females  assigned 
to  the  diets  with  leaf  powder  fi-om  different  cultivars  (F=0.000468;  df=l,  9;  P=0.9832)  or 
to  the  diets  with  different  concentrations  (F=  1.7745;  df=3,  25;  P=0.1781).  On  TG  leaf 
powder  diet,  final  weights  and  weight  gains  decreased  slightly  (16.3  to  14.3  mg  and  7.4 
to  6.3,  respectively)  as  concentration  increased.  Similar  results  were  recorded  for  beetles 
on  Val  leaf  powder  diet  where  final  weights  decreased  from  16.9  to  15.3  mg  and  weight 
gain  decreased  from  8.5  to  7.2  mg.  However,  changes  with  increasing  leaf  powder 
concentration  were  not  significant  for  final  weight  (F=2.1402;  df=3,23;  P=0.1226)  or 
weight  gain  (F=2.1357;  df=3,23;  P=0.1234).  Two-factor  interactions  were  not  significant 
between  rephcation  and  cultivar  for  weight  (F=0.8416;  df=7,  24;  P=0.5641)  or  for  weight 
gain  (F=0.8461 ;  df=7,  24;  P=0.5608).  The  interactions  between  cultivar  and 
concentration  for  weight  (F=1.6181;  df=3,  32;  P=0.2048)  or  for  weight  gain  (F=1.5932; 
df=3,  32;  P=0.2096)  were  also  not  significant.  However,  a  significant  interaction  was 
found  between  rephcafion  and  concentration  for  weight  (F=5.1466;  df=21,  21;  P=0.0002) 
and  for  weight  gain  (F=5.1925;  df=21,  21;  P=0.0002).  Further  analysis  on  concentration 
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Table  4-2.  Average  female  D.  halteata  weight  gain  and  final  weight  after  feeding  on  diets 
with  different  concentrations  of  leaf  powder  from  susceptible  Tall  Guzmaine  (TG)  and 
resistant  Valmaine  (Val)  lettuce  for  13  d  in  a  no-choice  situation 


Diet  cone.  (%) 

Weight 

TG  (mg  +  SEM) 

Val  (mg  ±  SEM) 

0 

Final  weight 

16.26  ±0.59 

16.89  ±0.50 

Weight  gain 

7.41  ±0.52 

8.47  ±  0.42 

10 

Final  weight 

16.11  ±0.50 

16.84  ±0.50 

Weight  gain 

7.66  ±  0.49 

8.39  ±0.42 

20 

Final  weight 

15.18  ±0.43 

15.95  ±0.54 

Weight  gain 

7.10  ±0.37 

7.87  ±  0.46 

30 

Final  weight 

14.34  ±0.50 

15.26  ±0.50 

Weight  gain 

6.34  ±  0.45 

7.21  ±0.44 
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by  fixing  replication  through  time  factor  showed  a  significant  difference  in  final  weight  at 
the  last  replicate  (F=6.88;  df=3,24;  P=0.001 7).  Significant  difference  in  weight  gain  was 
also  found  at  time  8  (F=5.57,  df=3,24;  P=0.0039).  The  three-factor  interaction  (replicate 
X  cultivar  x  concentration)  was  not  significant  for  beetle  final  weight  (F=0.3785;  df=21, 
175;  P=0.9943)  or  weight  gain  (F=0.3849;  df=21,  176;  P=0.9936). 

In  conclusion,  adults  feeding  on  Val  leaf  powder  diets  produced  similar  amount  of 
eggs  compared  to  those  on  TG  leaf  powder  diets.  There  were  no  significant  differences 
in  female,  male  and  total  survivorships  between  these  two  diets.  Females  on  Val  leaf 
powder  diets  gained  more  weight  than  those  on  TG  leaf  powder  diets. 

Discussion 

Adult  D.  balteata  did  not  show  a  significant  preference  for  TG  over  Val  in  binary- 
choice  tests  when  leaves  were  freeze-dried,  ground  into  powder  and  incorporated  into  the 
artificial  diet  at  three  different  concentrafions  (Fig.  4-1).  This  result  differs  with  what  I 
found  in  Chapter  2,  where  fresh  Val  plants  had  significant  resistance  against  D.  balteata 
feeding,  and  in  Chapter  3,  where  Val  plants  with  leaf  surface  removed  still  had  very 
strong  resistance  to  D.  balteata.  Furthermore,  increasing  the  amount  of  leaf  powder  of 
TG  or  Val  added  to  the  artificial  diet  resulted  in  increased  diet  consumption  by  D. 
balteata.  This  compensatory  feeding  may  be  due  to  suboptimal  quality  of  the  diet  with 
lettuce  leaf  powder  compared  to  adult's  normal  diet  with  the  same  amount  of  dry  matter. 
Compensatory  feeding  responses  by  adjusting  feeding  rate  to  approach  or  realize 
maximal  growth  rate  has  been  found  in  several  insect  species  and  is  proposed  to  be 
general  among  herbivorous  insects  (Simpson  and  Simpson  1990).  The  increased  diet 
consumption  with  increased  leaf  powder  may  be  also  due  to  the  presence  of  feeding 
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stimulants  or  the  level  of  feeding  stimulants  enhanced  somehow  compared  to  possible 
deterrents  present  in  lettuce  leaf  powder.  That  Val  loses  its  resistance  when  freeze-dried 
and  powdered  was  also  confirmed  by  no-choice  tests,  where  females  produced  similar 
numbers  of  mature  eggs  regardless  of  the  diet  on  which  they  fed  for  13  d  (i.e.  control,  or 
supplemented  with  TG  or  Val  powder). 

An  artificial  diet  differs  in  many  respects  from  natural  food  sources  of  herbivores. 
It  may  not  be  completely  suitable  for  screening  feeding  stimulants  or  deterrents  even 
though  it  offers  uniformity,  evenness  of  application,  and  ease  of  preparation  and 
measurement  (Lewis  and  van  Emden  1986,  Schoonhoven  et  al.  1998).  An  artificial  diet 
usually  contains  feeding  stimulants  for  designated  insects,  which  can  mask  effects  of 
feeding  deterrents.  It  has  been  proposed  that  a  change  in  the  balance  between 
phagostimulants  and  deterrents  can  make  an  unacceptable  food  acceptable  and  vice  versa 
(Bemays  and  Chapman  2000).  The  feeding  of  L.  migratoria  on  wheat  flour  wafers  was 
almost  totally  inhibited  by  adding  tomatine  at  0.1%  dry  weight,  but  the  effects  of  the 
tomatine  were  eliminated  by  adding  increasing  amounts  of  sucrose  to  the  wafers  (Bemays 
and  Chapman  1978).  Thresholds  for  the  same  deterrent  may  vary  as  much  as  1000  times 
between  natural  and  artificial  substrates,  resulting  in  differences  in  the  effective 
concentrations  of  the  chemicals  presented  to  the  insect  (Schoonhoven  1982).  Even  small 
changes  in  diet  composition  can  have  drastic  effects  on  insect  performance,  such  as 
growth  and  reproduction  (Schoonhoven  et  al.  1998).  Moreover,  the  same  chemicals  may 
have  neutral,  phagostimulant,  or  deterrent  effects  at  different  concentrations  depending 
upon  existing  background  compounds,  especially  phagostimulants  (Lewis  and  van 
Emden  1986).  Therefore,  the  artificial  diet  used  in  this  study  may  mask  deterrents  from 
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Val  because  of  the  difference  in  balance  of  feeding  stimulants  and  deterrents  between  the 
artificial  diet  and  lettuce  plants. 

It  is  also  possible  that  feeding  deterrents  in  Val  may  be  broken  down  during  the 
process  of  making  lettuce  leaf  powder  or  during  the  storage  period,  even  though  it  was 
stored  at  -70°C.  Freeze-drying  under  high-vacuum  conditions  has  been  suggested  to  be 
inappropriate  for  low-  and  intermediate-molecular  weight  phenolics  because  many  of  the 
volatile  phenolics  are  concentrated  on  the  ice  trap  (van  Sumere  et  al.  1983).  Orians 
(1995)  compared  three  methods  of  preservation,  i.e.  air-drying,  freeze-drying,  and 
vacuum-drying  and  found  that  freeze-drying  was  not  appropriate  for  analysis  of  phenolic 
glycosides  because  of  the  degradation  of  these  compounds.  Air-drying  was  appropriate 
for  phenolic  glycosides  but  resulted  in  loss  of  tannins.  Only  vaccum-drying  preserved 
both  phenolic  glycosides  and  tannins  for  analysis.  Chlorogenic  acid  instead  of 
isochlorogenic  acid  was  detected  in  lettuce  roots  that  had  been  vacuum-dried  prior  to 
extraction,  and  no  caffeoylquinic  acids  were  detected  in  root  material,  either  stored  in  a 
deep-freezer  at  -20°C  before  extraction  or  freeze  dried  (Cole  1984).  The  reason  for  the 
presence  of  chlorogenic  acid  in  dried  root  material  and  the  loss  of  all  caffeoylquinic  acid 
after  freezing  or  freeze-drying  may  be  related  to  cell  damage  and  the  formation  of 
insoluble  quinones  from  the  caffeoylquinic  acids.  Therefore,  the  treatment  of  plant 
material  before  chemical  analysis  is  very  important. 

Other  possible  reasons  for  the  loss  of  resistance  in  Val  are  that  feeding  deterrents 
are  active  only  in  fresh  leaves  attached  on  the  plants  and  that  any  role  that  a  physical 
barrier  plays  in  resistance  may  act  only  when  leaves  are  turgid.  The  chemicals  in  the  leaf 
may  be  activated  and  released  only  after  insect  feeding.  It  is  well  known  that  some  plants 
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can  qualitatively  or  quantitatively  enhance  their  defense  against  herbivory  after  they  are 
attacked  by  pests  or  by  other  inducers  (Tallamy  and  Raupp  1991,  Karban  and  Baldwin 
1997).  Many  studies  show  that  wound-induced  resistance  by  herbivores  is  related  to  the 
induction  of  enzymes  activities  and  the  release  or  synthesis  of  new  secondary  metabolites 
upon  injury  (Bi  et  al.  1994,  Bi  et  al.  1997,  Baldwin  1991,  Louda  and  Mole  1991).  Some 
physical  barriers  to  host  use  by  the  insect,  such  as  latex  emission,  may  become  ineffective 
when  leaves  are  dried  and  powdered.  The  possible  role  of  latex  and  inducible  resistance 
in  resistance  of  Valmaine  lettuce  to  D.  balteata  will  be  studied  in  Chapter  5. 


CHAPTER  5 

POSSIBLE  MECHANISMS  INVOLVED  IN  LETTUCE  RESISTANCE  TO 

DIABROTICA  BALTEATA 

Introduction 

Plant  defense  mechanisms  against  herbivores  have  been  extensively  studied  over 
the  past  decade  because  of  their  potential  application  in  integrated  pest  management 
programs,  and  in  providing  new  leads  for  environmentally  safer  pesticides  (Balandrin  et 
al.,  1985,  Panda  and  Khush  1995).  Understanding  the  mechanisms  of  resistance  is  also 
very  important  before  the  degree  of  resistance  among  plants  can  be  ascertained  (Panda 
and  Khush  1995).  Factors  that  determine  host  plant  resistance  to  herbivores  include  the 
presence  of  morphological,  physical,  or  structural  barriers,  allelochemicals,  and 
nutritional  imbalance  (Panda  and  Khush  1 995).  These  factors  can  be  active  whether  or 
not  herbivores  are  present.  Host  plant  resistance  can  also  be  inducible  after  plant  tissues 
are  attacked  by  herbivores,  resulting  in  induction  of  a  wide  array  of  chemical  defenses 
against  subsequent  herbivory  (Panda  and  Khush  1995). 

Latex  in  some  laticiferous  plants  has  been  reported  as  a  natural  defense  system 
against  certain  herbivores.  In  many  laticiferous  plants,  including  Lactuca  saliva  L.,  latex 
is  stored  underpressure  within  laticifers,  which  results  in  rapid  release  of  latex  upon 
cutting  (Fahn  1979,  Data  et  al.  1996,  Dussourd  1995).  The  secretions  often  contain 
secondary  metabolites  known  to  be  toxic  or  deterrent  to  animals  (Farrell  et  al.  1991). 
These  secretions  also  polymerize  upon  exposure  to  air,  thus  threatening  small  herbivores 
with  the  risk  of  entrapment  in  hardening  exudates  or  gumming  up  their  mouthparts 
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(Dussourd  1995,  1997).  Data  et  al.  (1996)  found  that  young  vine  material  of  sweet  potato 
produced  more  latex  and  had  fewer  sweetpotato  weevils,  Cylas  formicarius  (F.),  than 
older  and  more  mature  portions  of  the  vine.  Feeding  and  oviposition  were  reduced  when 
latex  was  applied  to  the  surface  of  root  cores.  Several  insects  have  been  observed 
immobilized  in  exudates,  such  as  caterpillars  (Dussourd  1993),  ants  (Dillon  et  al.  1983), 
aphids  and  whiteflies  (Dussourd  1995).  Because  of  the  rupture  of  latex  canals,  two  aphid 
species,  Uroleucon  pseudambrosiae  (Olive)  and  Rhopalosiphum  maidis  (Fitch),  were 
physically  glued  to  lettuce  plants,  primarily  by  their  legs,  after  they  alighted  on 
inflorescences.  Adult  whitefly,  Bemisia  tabaci  (Gennadius),  likely  became  trapped  in 
latex,  primarily  on  the  flower  buds  (Dussourd  1995). 

In  many  crop  plants,  resistance  can  be  induced  through  prior  wounding  by  insects 
or  mechanical  means  (Karban  and  Baldwin  1 997).  Induced  resistance  has  been 
correlated  with  increased  activities  of  oxidative  enzymes  (Bi  et  al.  1994),  enhanced 
synthesis  of  secondary  metabolites  (Bi  et  al.  1997),  or  synthesis  of  primary  gene  products 
(Green  and  Ryan  1972).  These  induced  resistance  phenomena  may  involve  decreases  in 
both  insect  feeding  preference  and  the  nutritional  value  of  induced  foliage  (Schoonhoven 
et  al.  1998).  Larval  growth  of  Helicoverpa  zea  Boddie  was  decreased  on  previously 
damaged  foliage  or  squares  of  cotton  compared  to  growth  on  undamaged  tissue  because 
of  a  significant  decline  in  host  nutritional  quality  and  increased  activities  of  oxidative 
enzymes  after  herbivory  (Bi  et  al.  1994).  Second-instar  larvae  of  the  gypsy  moth, 
Lymantria  dispar  L.,  preferred  leaf  disks  from  non-induced  trees  over  those  from  induced 
trees  (Havill  and  Raffa  1999).  Inducible  resistance  in  plants  can  also  affect  the 
ovipositional  responses  of  adult  females  (Stout  and  Duffey  1996).  Induced  resistance 


may  be  expressed  either  on  rapid  (hours  to  days),  short-term  (days  to  weeks)  time  scales, 
or  long-term  (years)  time  scales  (Schoonhoven  et  al.  1998)  through  de  novo  synthesis  of 
formerly  absent  compounds  or  an  elevation  of  the  normal  level  of  resistance  compounds. 
The  short-term  reaction  may  spread  systemically  over  the  whole  plant,  or  it  may  be 
localized  to  the  damaged  leaf  (Schoonhoven  et  al.  1998).  Localized  accumulation  of  a 
sesquiterpenoid  lactone  phytoalexin,  phenolics  and  phenolic  esters  have  been  reported  in 
lettuce  after  being  attacked  by  a  pathogen  (Bennett  et  al.  1994,  1996). 

In  this  chapter,  the  resistance  of  lettuce  to  D.  balteata  was  further  evaluated. 
Three  screening  methods  were  conducted  to  test  the  effect  of  methodology  on  the 
expression  of  resistance:  leaf  disks,  intact  leaves  attached  to  plants  and  excised  leaves. 
Leaf  area  consumed  by  beetles  was  evaluated  in  binary-choice  and  no-choice  bioassays  to 
compare  results  for  both  leaf  disks  and  detached  leaves  against  intact  leaves.  Other 
objectives  of  this  chapter  were  to  compare  the  physical  properties  of  latex,  investigate 
inducible  resistance  as  a  factor  in  lettuce  resistance,  and  propose  possible  mechanisms 
involved  in  lettuce  resistance  to  D.  balteata. 

Materials  and  Methods 

Plants  and  Insects 

Two  lettuce  cultivars,  Valmaine  (Val,  resistant)  and  Tall  Guzmaine  (TG, 
susceptible)  were  used  for  this  experiment.  Lettuce  was  planted  in  the  same  manner  as 
described  in  Chapter  2.  Fordhook  242  lima  bean  seeds  were  purchased  from  a 
commercial  company  (Illinois  Foundation  seeds  Inc.,  IL)  and  planted  in  the  same  way  as 
described  in  Chapter  2.  Only  the  first  true  leaves  were  used  for  the  latex  smearing 
experiment. 
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Adult  D.  balteata  for  feeding  bioassays  were  obtained  from  a  laboratory  culture 
originally  collected  from  the  field  in  Belle  Glade,  Florida  in  June  1996.  Adults  and 
larvae  were  reared  as  described  in  Chapter  2.  Only  unfed  adults  which  had  emerged 
within  48  h  were  used  for  the  following  assays. 
Screening  Methods 

Leaf  disks.  All  leaves  used  in  this  assay  were  the  seventh  fully  expanded  leaf, 
counting  from  the  first  true  leaf  Selected  plants  had  six  to  eight  fully  expanded  leaves. 
Two  disks  of  380  mm^  were  punched  out  from  non-midrib  areas  of  freshly  excised  leaves 
of  Val  or  TG  plants  using  a  No.  15  cork-borer.  A  test  unit  consisted  of  a  plastic  petri  dish 
(8.9  cm  diam.)  inside  of  which  four  leaf  disks  (two  from  Val  and  two  from  TG)  were 
presented  at  an  equal  distance  on  two  layers  of  moistened  paper  towel.  One  pair  of  adults 
was  placed  in  each  petri  dish  and  allowed  to  feed  for  two  days.  The  tests  were  conducted 
in  a  rearing  room  at  25  ±        14:10  (L:D)  photoperiod.  Each  test  unit  was  replicated  15 
times.  To  compare  the  resistance  level  of  leaf  disks  with  attached  lettuce  leaves,  binary- 
choice  tests  were  conducted  simultaneously  between  intact  leaves  of  TG  and  Val  using 
the  binary-choice  feeding  arenas  as  described  in  Chapter  2. 

The  extent  of  feeding  for  both  screening  methods  was  evaluated  by  measuring  the 
area  of  the  leaf  remaining  by  scanning  the  leaf  (JADE  2,  Linotype-Hell,  Taiwan)  and 
importing  the  scanned  images  into  an  imaging  program  (ImagePC  beta  version  1 ,  Scion 
Corporation,  Frederick,  Maryland)  where  remaining  leaf  area  was  determined.  For  the 
leaf  disks  method,  the  remaining  leaf  area  was  then  subtracted  from  the  mean  disk  area  of 
10  disks  not  offered  to  beetles  for  two  days  in  order  to  account  for  shrinkage  during  the 
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assay.  The  difference  in  leaf  area  consumption  between  cultivars  was  analyzed  by  paired 
r-test  using  Proc  MEANS  (SAS  Institute  1999). 

Detached  leaves.  Resistance  to  beetle  feeding  was  next  compared  between 
detached  and  intact  leaves.  For  the  detached  leaf  tests,  the  seventh  fully  expanded  leaf 
was  excised  from  each  plant  and  its  petiole  immediately  immersed  in  a  beaker  filled  with 
tap  water.  Binary-choice  feeding  arenas  were  used  to  expose  single  pairs  of  adults  to 
both  TG  and  Val  detached  leaves  for  48  h.  At  the  same  time,  binary-choice  tests  were 
carried  out  between  two  leaves  still  attached  to  TG  and  Val  plants  by  using  the  same 
feeding  arena.  Each  test  unit  was  replicated  1 7  times  in  each  bioassay.  The  difference  in 
leaf  area  consumption  between  cultivars  was  measured  as  above  and  analyzed  by  paired 
Mest  using  Proc  MEANS  (SAS  histitute  1999). 

Since  a  significant  difference  was  found  in  leaf  area  consumption  between  the  two 
cultivars  in  binary-choice  tests,  the  resistance  level  of  detached  leaves  was  further 
evaluated  by  using  no-choice  bioassays  as  follows.  The  seventh  fully  expanded  leaf  was 
excised  from  each  plant,  and  its  base  was  immediately  put  into  a  beaker  with  tap  water. 
One  pair  of  beetles  was  confined  on  the  leaf  by  a  no-choice  feeding  arena  as  described  in 
Chapter  2.  The  adults  were  allowed  to  feed  for  48  h.  At  the  same  time,  a  pair  of  adults 
was  confined  in  the  no-choice  arena  to  the  seventh  leaf  still  attached  to  a  plant.  This 
study  was  arranged  as  a  randomized  complete  block  design  with  detached  and  intact 
leaves  from  each  cuUivar  in  each  block.  Each  block  was  replicated  18  times.  Leaf  area 
consumed  was  measured  as  described  above  and  was  analyzed  by  Proc  GLM  (SAS 
Institute  1999).  Means  with  significant  ANOVA  were  separated  using  Tukey's  HSD  test 
with  a  significance  level  of  a=0.05  (SAS  Insfitute  1999). 
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Latex  Physical  Properties 

Latex  browning  test.  One  leaf  (the  seventh  or  eighth  leaf)  per  plant  was  chosen 
for  this  test.  Leaves  used  were  matched  for  size  and  position  within  the  plant,  and  were 
still  attached  to  the  plants.  Small  insect  pins  were  used  to  pierce  the  leaf  surface  several 
times  until  latex  flowed  out  from  the  holes.  Time  from  latex  exudation  to  latex  browning 
was  measured  in  seconds.  Measurements  were  replicated  20  times  for  each  cultivar. 
Data  were  analyzed  as  a  randomized  complete  design  by  Proc  GLM  (SAS  Institute  1999). 

Latex  weight  and  latex  flow  cessation.  A  whole  plant  was  cut  off  at  the  base  of  its 
stem.  Fresh  latex  was  collected  continuously  onto  a  preweighed  filter  paper  until  latex 
stopped  flowing.  The  filter  paper  was  reweighed  and  then  placed  in  an  oven  at  55°C  for 
24  h  to  determine  latex  dry  weight.  In  addition,  time  between  the  beginning  of  the  cut 
and  the  end  of  latex  flow  was  also  measured.  Measurements  were  replicated  28  times  for 
each  cultivar.  Latex  weight  and  time  to  flow  cessation  were  analyzed  as  randomized 
complete  designs  by  Proc  GLM  (SAS  Institute  1999). 
Latex  Smearing  Test 

Plants  used  for  this  study  were  at  the  six  to  eight  fully  expanded  leaves  stage  and 
were  cut  off  at  the  base  of  their  stem  to  allow  latex  to  ooze  out.  Latex  was  collected  from 
the  stem  of  a  plant  onto  a  knife  blade,  and  then  immediately  smeared  into  one  of  two 
confined  areas  on  a  lima  bean  leaf  by  a  binary-choice  feeding  arena  as  described  in 
Chapter  2.  The  other  confined  area  was  either  untreated  or  treated  with  latex  from  the 
other  cultivar  so  that  three  treatment  combinations  were  run  (latex  from  Val  vs.  latex 
from  TO,  latex  from  Val  vs.  control,  latex  from  TO  vs.  control).  Latex  from  one  plant 
was  spread  on  one  confined  leaf  area  of  a  lima  bean  leaf  and  the  amount  spread  was  not 
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quantified  (control  vs.  control).  Each  treatment  combination  was  replicated  fourteen 
times.  Two  confined  areas  on  a  lima  bean  leaf  were  left  free  of  latex  to  record  the  total 
amount  of  leaf  consumption  per  pair  of  adults  in  a  control  situation.  One  pair  of  adults 
was  released  into  the  feeding  arena  and  allowed  to  feed  for  48  h  after  the  latex  on  the 
lima  bean  leaf  had  dried.  Leaf  area  consumed  was  measured  as  described  in  Screening 
Methods  and  analyzed  by  paired  f-test  using  Proc  MEANS  (SAS  Institute  1999).  Total 
leaf  area  consumed  per  pair  of  adults  for  48  h  was  calculated  by  adding  the  area  of  the 
two  exposed  areas  in  each  feeding  arena  and  analyzing  as  a  randomized  complete  block 
design  by  Proc  GLM  (SAS  Insfitute  1999).  Means  with  significant  ANOVA  were 
separated  using  Tukey's  HSD  test  with  a  significant  level  of  a=0.05  (SAS  Institute 
1999). 

Observafion  of  Feeding  Behavior 

A  brief  behavioral  observation  was  made  of  beetle  feeding  on  TG  plants.  Four  to 
five  beetles  were  confined  on  a  fully  expanded  leaf  still  attached  to  the  plant  by  a  no- 
choice  feeding  arena  as  described  in  Chapter  2.  Beetle  behavior  was  observed  under  a 
dissecting  scope. 
Inducible  Resistance 

Localized  induction.  Plants  used  in  this  bioassay  had  six  to  eight  fully  developed 
leaves.  Leaves  used  for  assays  were  matched  for  position  within  the  plant  and  size.  The 
same  feeding  arenas  used  in  the  binary-choice  tests  were  used  for  prior  wounding  of  a 
leaf,  but  there  was  only  one  hole  clipped  on  the  leaf  so  that  it  represented  a  no-choice 
feeding  arena.  One  pair  of  unfed  adults  was  caged  on  a  leaf  in  this  feeding  arena. 
Control  leaves  were  treated  the  same  way  but  no  adults  were  present.  This  pair  of  adults 
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was  then  removed  from  the  plants  after  48  h.  Previously  damaged  leaves  of  Val  or  of  TG 
were  considered  as  the  treatment,  and  non-damaged  leaves  of  Val  or  TG  treated  as  the 
control  for  the  following  binary-choice  assay.  Previously  damaged  Val  was  paired  with 
undamaged  Val  and  caged  together  by  a  binary-choice  feeding  arena  placed  1  cm  below 
the  previously  caged  leaf  area  (Fig.  5-1).  Another  pair  of  unfed  adults  was  released  into 
the  cage  immediately  after  the  initial  feeding  damage  was  finished,  and  they  were 
allowed  to  feed  for  another  48h.  The  same  experiment  was  done  with  TG.  Leaf  area 
consumption  in  these  two  experiments  was  recorded  as  described  previously.  The 
difference  in  leaf  area  consumption  between  treatment  and  control  leaves  was  analyzed 
by  paired  r-test  using  Proc  MEANS  (SAS  Institute  1999). 

Systemic  induction.  Infliction  of  initial  feeding  damage  was  done  the  same  way 
as  described  in  the  localized  induction  experiment.  In  the  feeding  bioassay,  one  pair  of 
adults  was  given  a  choice  between  the  leaf  directly  above  the  previously  damaged  leaf, 
and  the  corresponding  leaf  from  the  undamaged  control  plant.  An  undamaged  leaf  from 
damaged  Val  was  paired  with  an  undamaged  leaf  from  undamaged  Val  (Fig.  5-2).  The 
same  experiment  was  done  with  TG.  Leaf  area  consumption  was  recorded  as  described 
above.  The  difference  in  leaf  area  consumption  between  treatment  and  control  leaves 
was  analyzed  by  paired  r-test  using  Proc  MEANS  (SAS  Institute  1999). 

Results 

Screening  Methods 

Val  was  strongly  resistant  to  beetle  feeding  when  intact  or  detached  leaves  were 
presented  in  binary-choice  tests  with  susceptible  TG  (Table  5-1).  However,  when  leaf 
disks  were  used  as  test  materials,  there  was  no  significant  difference  in  feeding  between 
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Fig.  5-1.  Experimental  set-up  to  detect  localized  inducible  resistance. 

Feeding  per  pair  of  adult  D.  balteata  for  48  h  was  monitored 
at  a  site  1  cm  below  the  site  previously  damaged  by  another 
pair  of  adults  for  48  h  on  the  same  leaf 


1 
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Binary-choice  feeding  arena 


Fig.  5-2.  Experimental  set-up  to  detect  systemic  induction.  Feeding  per 

pair  of  adult  D.  balteata  for  48  h  was  monitored  on  a  leaf  directly 
above  the  leaf  previously  damaged  by  another  pair  of  adults  for 
48  h. 
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Table  5-1.  Amount  of  lettuce  leaf  area  consumed  per  pair  of  adult  D.  balteata  in  48  h 
when  presented  a  choice  between  two  cultivars  using  different  screening  methods 


Methods 

Cultivar^ 

N 

Leaf  area  (mm^±  SEM) 

Pr  >  |T| 

TG 

17 

350.5  ±28.7 

Intact  leaf  (expt  1) 

0.0001 

Val 

17 

28.8  ±4.8 

TG 

17 

532.2  ±57.8 

Detached  leaf 

0.0004 

Val 

17 

125.9  ±53.8 

TG 

11 

318.1  ±29.3 

Intact  leaf  (expt  2) 

0.0001 

Val 

11 

14.4  ±2.1 

TG 

15 

382.8  ±36.3 

Leaf  disk 

0.0941 

Val 

15 

334.6  ±37.4 

TG=Tall  Guzmaine,  Val=Valmaine. 
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TG  and  Val.  Adults  ate  almost  24  times  as  much  Val  on  leaf  disks  as  on  intact  leaves. 
Mean  leaf  area  consumed  on  leaf  disks  and  intact  leaves  of  TG  was  similar,  and  both 
were  over  300  mm^. 

A  significant  difference  among  treatments  in  leaf  area  consumed  per  pair  of  adults 
in  no-choice  tests  was  found  (F=21.78;  df=3,  51;  P=0.0001)  (Fig.  5-3).  Resistance  was 
again  noted  in  Val  when  intact  leaves  were  presented  in  no-choice  tests,  but  excised 
leaves  of  Val  did  not  show  significant  resistance  against  adult  feeding.  Feeding  was 
significantly  increased  on  detached  leaves  compared  to  intact  leaves,  irrespective  of 
cultivar.  Intact  Val  leaves  were  the  least  damaged  by  adult  D.  balteata  with  leaf  area 
consumption  of  66.3  ±9.7  mm^  which  is  only  12%  of  that  on  detached  Val  leaves. 
Latex  Physical  Properties 

Latex  from  Val  plants  took  473  ±  15  s  on  average  to  turn  brown  after  it  was 
exposed  to  the  air,  which  was  60  s  faster  than  latex  from  TG  (Table  5-2).  No  significant 
difference  in  latex  fresh  weight  was  observed  between  TG  and  Val.  Similarly,  dry  weight 
of  TG  latex  was  not  significantly  different  from  that  of  Val.  However,  Val  flowed  for  41 
s  longer  after  cutting  than  did  TG,  an  increase  of  27%. 
Latex  Smearing  Test 

Significantly  less  feeding  damage  was  found  on  the  lima  bean  leaf  tissue  spread 
with  latex  either  from  Val  or  TG  (Table  5-3).  Lima  bean  leaf  smeared  with  latex  was 
barely  damaged  by  adult  D.  balteata,  but  they  ate  control  lima  bean  leaf  tissue  24  to  59 
times  more  compared  to  leaf  tissue  with  latex.  Most  of  the  leaf  area  consumed  on  latex 
treated  leaves  could  be  attributed  to  experimental  error  in  spreading  latex  evenly  on  the 
leaves.  Most  damaged  areas  on  the  latex-treated  lima  bean  leaves  were  found  along  the 
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Fig.  5-3.  Leaf  area  consumed  per  pair  of  adult  D.  balteata  for  48  h  in  no- 
choice  test  using  detached  and  intact  leaves  from  susceptible  Tall 
Guzmaine  (D-TG,  I-TG)  and  resistant  Valmaine  (D-Val,  I-Val).  Bars 
topped  with  the  same  letter  are  not  significantly  different  by  Tukey's 
HSD  test  at  the  0.05  level.  Vertical  lines  indicate  +1  SEM. 
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Table  5-2.  Physical  properties  of  latex  of  susceptible  Tall  Guzmaine  (TG)  and  resistant 
Valmaine  (Val)  


Physical  properties 

N 

TG 

Val 

F 

P  value 

Time  to  latex 
browning  (s  ±  SEM) 

20 

533  ±23 

473  ±  15 

8.38 

0.0063 

Latex  fresh  weight  * 
(mg  ±  SEM) 

28 

57.6  ±2.8 

58.1  ±2.2 

0.02 

0.8886 

Latex  dry  weight  * 
(mg  ±  SEM) 

28 

4.6  ±  0.5 

5.0  ±  0.5 

0.35 

0.5551 

Time  to  flow 
stopping  (s  ±  SEM) 

28 

152  ±5 

193  ±7 

23.5 

0.0001 

*  Amount  produced  from  time  of  stem  cutting  until  stoppage  of  flow. 
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Table  5-3.  Amount  of  lima  bean  leaf  area  consumed  per  pair  of  adult  D.  halteata  in  48  h 
when  given  an  untreated  area  or  an  area  smeared  with  latex  either  from  susceptible  Tall 
Guzmaine  (TG)  or  resistant  Valmaine  (Val)  


Choice 

Lima  bean 
leaf 

N 

Leaf  area  eaten 
(mm^  ±  SEM) 

Pr>|T| 

Control  area  vs. 

Control  area 

14 

546.3  ±43.0 

TG  latex  area 

0.0001 

TG  latex  area 

14 

23.2  ±5.9 

Control  area  vs. 

Control  area 

14 

476.1  ±44.1 

Val  latex  area 

0.0001 

Val  latex  area 

14 

8.0  ±6.2 

137.5  ±22.2 

0.0797 

80.5  ±  14.6 


TG  latex  area  vs  TG  latex  area  14 

Val  latex  area 

Val  latex  area  14 
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perimeter  of  binary-choice  feeding  arenas  where  no  latex  or  less  latex  was  spread.  Some 
beetles  gained  access  to  the  untreated  undersurface  of  leaves  by  chewing  through  these 
non-latex  treated  spots.  Once  beneath  the  leaves,  they  consumed  the  entire  lower  leaf 
surfaces  and  left  the  upper  surfaces  intact.  This  happened  more  often  in  the  choice  test 
between  leaf  areas  with  latex  fi-om  TG  and  from  Val.  Total  amount  of  leaf  area 
consumed  per  pair  of  adults  in  48  h  was  the  least  in  the  choice  test  between  leaf  tissues 
spread  with  latex  from  TG  or  fi-om  Val  (F=16.09;  df-3,39;  P=0.0001). 

Pairs  of  adults  exposed  only  to  untreated  lima  bean  leaves  ate  all  available  leaf 
tissue  (average  of  576.1  ±  47.3  mm^)  in  48  h  (Table  5-4),  which  is  not  significantly 
different  from  that  in  the  choice  tests  between  control  leaf  tissues  and  leaf  tissues  with 
TG  or  Val  latex.  Significantly  less  total  leaf  surface  was  eaten  by  beetles  in  the  choice 
tests  between  TG  and  Val  than  in  those  given  a  choice  between  control  and  either  TG  or 
Val. 

Observation  of  Feedina  Behavior 

Lettuce  plants  store  their  latex  within  secretory  cells  (laticifers),  which  may  have 
a  role  in  lettuce  resistance.  When  these  cells  were  ruptured  by  adult  feeding,  the  white 
milky  fluids  were  immediately  secreted  and  became  adhesive.  In  addition  to  any 
deterrent  chemicals  in  the  latex,  latex  may  act  as  a  physical  defense  for  lettuce  to  affect 
normal  beetle  feeding  behavior.  When  adults  came  in  contact  with  fresh  latex  fi-om 
injured  TG  tissue,  their  continuous  feeding  behavior  was  suddenly  disrupted.  Due  to 
such  encounters,  latex  often  adhered  to  the  mouthparts  and  tarsi.  This  generally  resulted 
in  beetles  engaging  in  cleaning  behaviors  before  they  moved  onto  other  areas  of  the  same 
leaf  or  other  leaves.  After  several  experiences  with  fresh  latex,  beetles  tried  to  avoid  it  by 
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Table  5-4.  Mean  total  leaf  area  consumed  per  pair  of  adult  D.  balteata  in  48  h  on  two 
exposed  areas  of  a  lima  bean  leaf  either  untreated  or  smeared  with  latex  from  one  of  two 
lettuce  cultivars 


Choice 

N 

Leaf  area  eaten  (mm^  ±  SEM) 

Control  area  vs.  control  area 

14 

576.1  ±47.3  a 

Control  area  vs.  TG  latex  area 

14 

569.5  ±45.5  a 

Control  area  vs.  Val  latex  area 

14 

484.2  ±45.1  a 

TG  latex  area  vs.  Val  latex  area 

14 

218.0  ±  22.6  b 

Data  followed  by  the  same  letter  are  not  significantly  different  by  Tukey's  mean 
separation  test  at  the  0.05  level. 
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chewing  on  the  leaf  surface  first  before  they  ate  through  the  leaf  or  coming  back  to  the 
previously  damaged  spots  made  by  either  themselves  or  other  beetles. 
Inducible  Resistance 

Localized  response.  A  localized  resistance  response  was  observed  on  Val 
following  48  h  of  previous  feeding  by  other  beetles.  Adults  ate  20.0  ±  4.7  mm^  of  the 
available  leaf  area  on  previously  damaged  leaves  of  Val,  which  was  only  26%  of  that  on 
undamaged  leaves  from  the  same  cuUivar  (t=3.7137;  df=ll;  P=0.0034)  (Fig.  5-4).  Ten 
percent  less  feeding  damage  was  observed  on  previously  damaged  than  on  undamaged 
TG  leaves,  but  the  difference  was  not  significant  at  P=0.05  (t=1.6161;  df=l  1;  P=0.1343). 

Systemic  response.  No  systemic  response  to  previous  feeding  was  observed  after 
a  48  h  test  period  (Fig.  5-5).  The  leaf  area  consumed  on  undamaged  leaves  of  plants 
previously  damaged  for  48  h  did  not  differ  significantly  from  that  on  undamaged  leaves 
of  undamaged  TG  plants  (t=0.6168;  df=l  1;  P=0.5499).  Adult  beetles  ate  220.7  ±  28.1 
mm^  of  leaf  area  on  undamaged  leaves  of  undamaged  TG  plants,  which  was  very  similar 
to  the  amount  of  leaf  area  consumed  on  undamaged  leaves  of  damaged  TG  plants.  The 
same  lack  of  preference  by  adult  D.  balteata  was  found  between  undamaged  leaves  of 
damaged  Val  plants  (40.2  ±  7.2  mm^)  and  undamaged  leaves  of  undamaged  plants  of  the 
same  cultivar  (37.7  ±  7.3  mm^)  (t=0.2284;  df=l  1 ;  P=0.8235). 

Discussion 

Although  excised  leaves  or  leaf  disks  are  often  used  for  evaluating  plants  for 
resistance  to  leaf  feeding  insects,  biochemical  and  physiological  changes  in  such  excised 
leaves  or  leaf  disks  may  affect  the  feeding  of  the  test  insects  (Raina  et  al.  1980,  Risch 
1985,  van  Emden  and  Bashford  1976).  In  our  case,  Val  expressed  a  very  high  degree  of 
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TG-control        TG-damaged        Val-control  Val-damaged 

Fig.  5-4.  Leaf  area  consumed  per  pair  of  adult  D.  balteata  for  48  h  when  given  a 
choice  between  undamaged  and  damaged  leaves  of  susceptible  Tall 
Guzmaine  (TG-control  vs.  TG-damaged)  and  between  undamaged  and 
damaged  leaves  of  resistant  Valmaine  (Val-control  vs.  Val-damaged). 
Vertical  lines  indicate  +1  SEM.  Asterisk  means  significant  difference  at  the 
0.05  level  by  Tukey's  HSD  test. 


106 


TG-control         TG-damaged        Val-control  Val-damaged 

Fig.  5-5.  Leaf  area  consumed  per  pair  of  adult  D.  balteata  for  48  h  when  given 
a  choice  between  undamaged  leaves  of  damaged  susceptible  Tall 
Guzmaine  (TG-damaged)  and  undamaged  leaves  of  undamaged  TG 
(TG-control)  and  between  undamaged  leaves  of  damaged  resistant 
Valmaine  (Val-damaged)  and  undamaged  leaves  of  undamaged  Val 
(Val-control).  Vertical  lines  indicate  +1  SEM. 
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resistance  to  adult  feeding  when  intact  leaves  and  excised  leaves  were  used  in  choice 
tests,  but  it  failed  to  show  resistance  in  a  choice  test  when  leaf  disks  were  used  and  in  a 
no-choice  test  when  excised  leaves  were  used.  Therefore,  methods  of  testing  for 
resistance  had  a  significant  effect  on  the  feeding  preferences  of  adult  D.  balteata  between 
TG  and  Val.  The  intact  leaf  method,  not  the  excised  leaf  and  leaf  disk  methods,  is 
suitable  and  reliable  to  evaluate  lettuce  cultivars  for  resistance  to  D.  balteata.  Risch 
(1985)  also  reported  that  method  of  testing  (whole  plants,  excised  leaves,  and  leaf  disks) 
had  a  very  significant  effect  on  preferences  of  a  group  of  specialist  and  generalist 
chrysomeHd  beetles,  including  D.  balteata,  for  com,  bean  and  squash.  Test  methodology 
affected  the  level  of  statistical  significance  for  a  particular  preference  in  some  cases.  In 
other  cases,  the  direction  of  preference  was  reversed  altogether.  A  much  greater  effect  of 
test  method  was  found  between  the  disks  test  and  the  whole  plant  tests  than  between  the 
excised  leaves  and  whole  plant  tests.  Furthermore,  the  feeding  preferences  of  the  two 
specialist  species,  Acalymona  thiemei  (Baly)  and  Ceratoma  ruficornis  (Olivier)  were  less 
affected  by  test  method  than  were  the  more  generalist  species,  D.  balteata  and  D.  adelpha 
(Harold).  Lettuce  cultivars  resistant  to  the  lettuce  aphid,  Nasonovia  ribisnigri,  became 
fully  acceptable  when  leaf  fragments  were  given  in  a  leaf  disk  test  (see  references  cited 
by  Schoonhoven  et  al.  1998).  Leaf  disk  size  was  found  to  be  another  variable  affecting 
the  outcome  of  insect  feeding  preferences  because  the  ratio  of  cut  edge  to  overall  leaf 
disk  surface  area  influenced  the  chance  of  encountering  internal  attractants/stimulants 
(Jones  and  Coleman  1988).  In  contrast,  there  are  some  cases  in  which  excised  leaf  and 
leaf  disk  methods  are  quite  reliable  for  screening  resistant  cultivars  (Raina  et  al.  1980, 
Sams  et  al.  1975,  East  et  al.  1992). 
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Localized  inducible  resistance  was  found  in  Val  but  not  in  TG  after  lettuce  was 
previously  damaged  for  48  h.  Wound-induced  resistance  by  herbivores  is  correlated  with 
the  induction  of  activities  of  oxidative  enzymes,  de  novo  or  enhanced  synthesis  of 
secondary  metabolites,  and  decline  in  nutritional  quality  (Bi  et  al.  1994;  1997, 
McAuslane  et  al.  1997,  Tuomi  et  al.  1988).  After  a  leaf  of  Val  has  been  attacked  by  the 
beetles,  changes  such  as  induction  of  activities  of  lipoxygenase,  peroxidases,  or 
polyphenol  oxidase  may  occur,  which  in  turn  affects  those  beetles  attempting  to  use  this 
leaf  at  a  later  time.  It  has  been  reported  that  phenylalanine  ammonia  lyase  (PAL),  the 
first  enzyme  in  the  phenyl  propanoid  pathway  (Fig.  5-6),  is  more  active  in  aphid  resistant 
cultivars  of  Z.  saliva,  and  that  resistant  cultivars  have  a  greater  tendency  to  brown  when 
plants  were  damaged  (Cole  1984).  This  kind  of  resistance  was  due  to  polyphenol  oxidase 
activity  and  its  substrate  isochlorogenic  acid  in  the  leaves. 

Induced  resistance  may  also  be  correlated  with  enhanced  synthesis  of  secondary 
metabolites  in  Val.  It  has  been  observed  that  browning  reactions  occur  at  the  site  of 
damage  on  lettuce  (Cole  1984).  This  browning  is  reported  to  be  due  to  oxidation  of 
hydroxylated  phenolic  compounds  to  quinones  that  are  more  toxic  than  their  precursors  to 
herbivores  (Cole  1984).  The  enhanced  production  of  phenolic  compounds  is  indicated  by 
an  increase  in  the  activity  of  PAL  in  wounded  tissues  (Bi  and  Felton  1995).  This 
localized  inducible  resistance  may  not  be  expressed  strongly  enough  or  exist  in  excised 
leaves  so  that  beetles  may  show  significantly  different  responses  from  intact  leaves.  The 
presence  of  localized  induced  resistance  in  whole  plants  but  not  in  leaf  disks  or  excised 
leaves  may  be  one  of  the  reasons  why  Val  was  less  resistant  when  tested  as  excised 
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leaves  and  leaf  disks.  How  quickly  this  localized  response  occurs  after  initial  feeding 
damage  and  for  how  long  it  lasts  needs  to  be  further  investigated. 

Systemic  resistance  was  not  found  in  Val  plants  after  they  were  previously 
damaged  for  48  h.  Val  plants  may  save  energy  and  nutrients  for  growth  and  development 
by  changing  chemical  status  only  in  those  damaged  leaves.  Furthermore,  systemic 
resistance  may  be  not  an  efficient  and  fast  way  to  protect  small  leafy  plants  fi-om  insect 
attack  because  systemic  resistance  usually  takes  longer  to  mobilize  than  localized 
inducible  resistance  (Schoonhoven  et  al.  1998).  The  induction  times  for  systemic 
resistance  are  relatively  slow  and  vary  from  12  h  to  as  long  as  one  year  or  more,  while 
localized  resistance  is  usually  more  rapid  and  can  occur  as  a  consequence  of  disruption  of 
cell  compartmentation  (Edwards  and  Wratten  1983).  Alternatively,  systemic  resistance 
may  take  longer  than  48  h  to  appear  in  a  neighboring  leaf 

Latex  may  act  as  a  physical  defense  for  lettuce  to  affect  beetle  normal  feeding 
behavior  based  on  the  brief  behavioral  observation  of  beetle  feeding  on  TG  plants.  It  was 
mentioned  in  chapter  2  that  beetles  liked  to  gather  together  to  feed  on  a  single  plant 
because  of  an  aggregation  pheromone.  ft  is  also  possible  that  gathering  together  to  feed 
may  help  to  break  down  this  latex  physical  defense  system  through  reducing  latex 
volume  or  pressure.  Val  partially  or  totally  lost  its  resistance  when  excised  leaf  tissues 
was  used,  suggesting  that  reduced  or  ceased  latex  emission  may  be  partially  responsible 
for  the  loss  of  resistance  and  that  latex  flow  may  act  as  a  physical  barrier  to  this  insect 
feeding.  When  both  Val  and  TG  leaves  were  cut  off  the  plants,  adults  ate  more  leaf  tissue 
than  from  attached  leaves.  This  may  be  due  to  decreased  latex  flow  and  water  potential 
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caused  by  cutting  of  the  petioles.  Furthermore,  when  leaves  were  cut  into  disks,  Val  was 
no  longer  resistant  to  adult  feeding,  possibly  because  of  depressurization  of  laticifers. 

Latex  may  also  provide  chemical  defenses  for  lettuce.  Many  different  organic 
compounds  have  been  identified  in  latex  of  Lactuca  sp,  including  organic  acids, 
phenolics,  and  a  triterpene  alcohol  (Crosby  1963,  Gonzalez  1977,  Cole  1984).  Like 
many  plant  secondary  compounds  these  organic  compounds  may  act  as  deterrents  or 
toxins  to  potential  herbivores.  It  has  been  reported  that  three  sesquiterpene  lactones  (8- 
deoxylactucin,  lactupicrin  and  cichoriin)  secreted  in  the  latex  in  chicory  plants  reduce 
feeding  of  Schistocerca  gregaria  Forskal  and  provide  a  significant  barrier  to  herbivory 
(Rees  and  Harbome  1985).  Results  from  the  latex  smearing  test  reported  here  showed 
that  latex  from  both  TG  and  Val  were  very  deterrent  to  adult  feeding.  The  deterrents  may 
be  the  original  chemicals  produced  by  the  plants  but  still  active  in  oxidized  latex  or  may 
be  chemicals  produced  from  oxidation.  However,  since  both  cultivars  produce  latex  once 
a  laticifer  is  ruptured,  latex  physical  and  chemical  defenses  may  also  be  present  in  TG. 
Adults  ate  more  foliage  on  detached  leaves  of  TG  and  Val  than  on  intact  leaves  of  TG  in 
no-choice  tests,  suggesting  that  intact  leaves  of  TG  also  show  some  resistance  (Fig.  5-3). 
This  kind  of  resistance  may  be  due  to  latex  flow  but  not  localized  inducible  resistance  so 
that  the  level  of  resistance  was  significantly  lower  than  that  in  intact  leaves  of  Val.  How 
the  adults  circumvent  these  defenses  on  TG  is  unknown.  It  was  also  not  clear  whether 
latex  per  se  or  something  else  in  the  latex  was  the  cause  of  the  resistance  in  Val  but  not  in 
TG.  One  possibility  is  that  the  volume  of  latex  produced  and  the  internal  pressure  are 
different  between  TG  and  Val.  Because  of  quick  coagulation  of  the  latex  upon  contact 
with  air,  latex  volume  was  hard  to  measure.  Another  possibility  is  that  the  potential 
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antifeedants  in  lettuce  latex  may  not  be  enough  to  keep  the  beetles  away  from  TG,  but  in 
symphony  with  localized  induced  resistance  or  other  plant  secondary  chemicals  in  Val, 
they  result  in  low  foliar  damage  and  reproductive  failure.  Dussourd  (1995)  proposed  that 
latex  might  be  useful  in  pest  management  and  that  young  leaves  that  released  latex  would 
be  invulnerable  to  most  herbivores. 

Based  on  our  results,  two  hypotheses  are  proposed  to  explain  resistance  in  the 
Valmaine  cultivar  of  romaine  lettuce  against  D.  balteata.  One  is  localized  inducible 
resistance,  and  another  is  the  presence  of  a  physical  barrier  or  chemical  defenses  in  latex. 
Thus,  beetles  may  have  to  contend  with  both  latex  flow  or  chemical  defense  in  latex  and 
localized  inducible  resistance  in  response  to  feeding  when  they  try  to  eat  Val  plants. 
Each  plant  species  has  a  unique  set  of  defense  traits,  ranging  from  morphological  to 
phytochemical  parameters,  against  a  potential  herbivore.  These  defense  traits  are  often 
inseparable,  and  can  synergize  with  each  other  as  well.  Therefore,  plant  resistance 
mechanisms  against  herbivores  are  multidimensional.  It  is  possible  that  localized 
inducible  resistance  and  latex  defenses  in  Val  lettuce  synergize  with  each  other  and 
enhance  Val  resistance  to  D.  balteata.  Resistance  that  only  relies  on  a  single  defense  trait 
will  be  less  compelling  because  this  kind  of  resistance  can  be  overcome  quickly  and 
easily  by  certain  insects.  Resistant  plant  varieties  can  be  an  important  component  of  an 
integrated  pest  management  program.  Determining  the  components  involved  in 
resistance  mechanisms  can  allow  for  more  rapid  and  precise  introduction  of  these  traits 
into  commercial  varieties  through  conventional  plant  breeding. 
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Phenylalanine 

Phenylalanine  ammonia  lyase  (PAL)  ^ 

Cinnamic  acid 

Ferulic  acid 


Caffeic  acid 


Quinic  acid 


p-Coumaric  acid 


Polyphenyloxidase  (PPO) 


Chlorogenic  acid 


PPO 


o-Benzoquinone 


Isochlorogenic  acid 

^  PPO 

g.  5-6.  Relationship  and  biosynthetic  derivation  of  various  phenolic  acids  of  the  phenylpropanoid 
pathway  (Cole  1984). 


CHAPTER  6 
SUMMARY  AND  CONCLUSIONS 

Four  cultivars  of  lettuce,  Lactuca  sativa  L.,  were  evaluated  for  their  resistance  to 

the  banded  cucumber  beetle,  Diabrotica  balteata  LeConte,  under  laboratory  conditions. 

Binary-choice  and  no-choice  tests  showed  Valmaine  (Val)  had  the  highest  level  of 

resistance,  and  Tall  Guzmaine  (TG)  was  susceptible  to  the  adults  when  using  leaf  area 

'consumption  as  the  criterion  for  resistance.  Parris  White  (PW)  and  Short  Guzmaine  (SG) 

had  an  intermediate  level  of  resistance  compared  to  Val.  Female  adults  ate  more  foliage, 

gained  more  weight,  and  produced  more  eggs  when  they  fed  on  TG  for  10,  13  or  16  d, 

compared  with  females  fed  on  Val.  No  mature  eggs  were  found  in  any  females  on  Val  at 

day  10,  13  and  16.  Three  out  of  forty-two  females  from  Val  had  a  few  undeveloped  eggs. 

PW  and  SG  also  had  some  effects  on  female  weight  and  number  of  eggs  produced,  but 

not  as  significantly  as  Val.  A  starvation  test  showed  that  most  D.  balteata  could  not 

survive  without  food  after  7  d.  This  lends  credence  to  the  hypothesis  that  females  on  Val 

had  no  mature  egg  development  because  of  their  inability  to  use  Val  as  a  food  source. 

The  reduced  amount  of  feeding  damage  on  Val  and  lack  of  mature  eggs  indicate  that  Val 

may  have  some  antixenotic  characters,  such  as  biophysical  and  biochemical  factors,  to 

keep  D.  balteata  from  using  it  as  a  host,  resulting  in  high  mortality  of  the  beetles  and  no 

mature  egg  production  by  living  females,  as  compared  with  that  on  the  susceptible 

cultivar  TG. 

The  leaf  surface  of  a  plant,  and  especially  its  chemistry,  constitutes  the  first  line  of 
resistance  to  herbivores  and  other  pests.  Adult  D.  balteata  consumed  much  more  leaf 
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tissue  of  Val  and  TG  with  their  surface  chemicals  removed,  which  led  me  to  think  that 
leaf  surface  chemicals  may  have  a  role  in  expression  of  lettuce  resistance.  However,  leaf 
surface  extracts  from  Val  were  not  deterrent  to  adult  D.  halteata  when  applied  to  lima 
bean  leaf  surfaces  at  various  concentrations  in  binary-choice  and  no-choice  tests.  Leaf 
surface  extracts  from  TG  applied  at  increasing  concentrations  did  not  cause  adults  to  feed 
more  on  lima  bean  leaves  but  actually  decreased  feeding  similar  to  extracts  of  Val. 
Therefore,  these  results  suggest  that  leaf  surface  chemicals  in  lettuce  do  not  explain 
resistance  of  Val  to  adult  D.  balteata  and  that  chemicals  inside  the  leaf  may  play  a  role  in 
resistance.  It  is  also  possible  that  disrupting  the  leaf  surface  with  solvents  changed  the 
plant's  ability  to  respond  to  feeding  damage. 

Freeze-dried  leaf  powder  from  susceptible  TG  and  from  resistant  Val  was 
incorporated  into  artificial  diet  for/),  balteata  to  evaluate  whether  the  chemicals  within 
the  lettuce  leaves  were  responsible  for  lettuce  resistance  by  measuring  diet  consumed, 
egg  production,  female  weight  gain  and  adult's  mortality.  In  choice  experiments,  there 
were  no  significant  differences  in  measured  responses  between  the  diet  with  TG  leaf 
powder  and  the  diet  with  Val  leaf  powder  at  any  concentration.  However,  as  the  level  of 
leaf  powder  of  TG  or  Val  increased,  adult  consumption  of  the  diet  also  increased.  In  no- 
choice  experiments,  no  great  differences  were  found  in  number  of  mature  eggs  produced, 
female  weight  gain,  and  adult  mortality  between  TG  and  Val  diets  at  the  four  different 
levels.  Using  this  assay  I  again  failed  to  detect  any  reason  for  the  resistance  in  the  lettuce 
cultivar  Val,  which  had  the  highest  resistance  against  adult's  feeding  among  four  lettuce 
cultivars  when  fresh  whole  plants  were  used.  I  concluded  that  resistance  to  adult  D. 
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balteata  in  Val  lettuce  may  be  due  to  physical  properties  of  fresh  plant  material  or  due  to 
other  chemicals  which  are  only  active  in  fresh  leaves. 

The  resistance  in  lettuce  to  adult  D.  balteata  was  further  evaluated  using  three 
screening  methods:  leaf  disk,  excised  leaves  and  intact  leaves  attached  to  the  plant. 
Presentation  of  different  kinds  of  leaf  material  had  a  significant  effect  on  the  level  of 
feeding  damage  by  adults  on  TG  and  Val.  Val  was  strongly  resistant  to  beetle  feeding 
when  intact  or  excised  leaves  were  presented  in  binary  tests  with  susceptible  TG. 
Resistance  was  also  noted  in  Val  when  intact  leaves  were  presented  in  no-choice  tests. 
However,  no  resistance  to  beetle  feeding  was  observed  when  binary-choice  and  no-choice 
tests  were  performed  using  excised  leaf  disks.  The  results  indicate  that  it  is  most  suitable 
and  reliable  to  use  intact  leaves  and  egg  production  to  evaluate  lettuce  cultivars  for 
resistance  to  adults. 

I  further  investigated  physical  properties  of  latex  of  TG  and  Val,  possible 
chemical  defenses  in  latex,  and  possible  inducible  resistance  as  mechanisms  for  lettuce 
resistance.  The  two  cultivars  differed  in  latex  physical  properties.  Latex  from  Val  turned 
brown  faster  than  that  from  TG,  and  flowed  for  a  longer  period  of  time  before  stopping. 
No  differences  were  found  in  latex  fresh  and  dry  weights  between  Val  and  TG.  Latex 
from  both  TG  and  Val  was  strongly  deterrent  to  the  beetle  feeding.  Localized  induced 
resistance  to  feeding  was  found  in  Val  but  not  in  TG  after  plants  were  previously 
damaged  for  48  h.  No  systemic  resistance  was  found  either  in  Val  or  TG  after  plants 
were  previously  damaged  for  48  h. 

Based  on  studies  done  so  far,  I  propose  that  localized  inducible  resistance  and  a 
physical  barrier  and  chemical  defenses  in  latex  may  be  two  major  reasons  for  resistance 
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in  Val.  After  a  leaf  of  Val  is  attacked  by  adult  beetles,  enzymatic  changes  or  enhanced 
synthesis  of  secondary  metabolites  may  occur  to  keep  this  leaf  from  further  damage. 
Latex  fi-om  lettuce  becomes  adhesive  and  turns  brown  upon  exposure  to  air,  which  acts  as 
a  physical  barrier  to  keep  the  adults  from  feeding  continuously.  The  loss  of  turgor 
pressure  and  associated  reduction  or  cessation  of  latex  flow  from  damaged  tissue  on 
excised  leaves  and  leaf  disks  may  be  responsible  for  the  loss  of  resistance  expression  in 
Val  tissue  in  these  tests.  Localized  inducible  resistance  and  latex  physical  barrier  may 
also  explain  the  reason  why  Val  decreases  or  loses  its  resistance  in  detached  leaves  and 
leaf  disks. 

In  the  southern  United  States,  D.  balteata  occurs  as  an  adult  during  much  of  the 
year.  This  insect  is  a  pest  of  leafy  vegetables  and  com  in  Florida  because  of  its  direct 
feeding  damage  on  foliage,  its  capacity  to  transmit  plant  pathogens,  and  contamination  of 
lettuce  with  frass.  Since  chemical  control  is  costly  and  only  partially  effective  against 
this  insect,  the  use  of  host  plant  resistance  is  an  alternative  way  to  control  this  herbivore. 
Moreover,  use  of  cultivars  resistant  to  adult  D.  balteata  also  can  reduce  the  need  for 
insecticide  application.  Understanding  the  mechanisms  of  resistance  is  a  prerequisite  for 
application  and  development  of  host  plant  resistance  in  pest  management  programs.  The 
mechanisms  of  resistance  in  lettuce  against  D.  balteata  have  still  not  been  completely 
elucidated.  How  quickly  the  localized  inducible  resistance  occurs  after  initial  feeding 
damage  and  how  long  it  lasts  still  need  to  be  investigated.  Moreover,  how  enzymatic 
activities  change  after  induction  will  also  need  to  be  studied.  Whether  latex  chemistry 
contributes  to  the  resistance  in  Val  is  also  very  interesting  and  presents  a  challenging  area 
for  further  research. 


APPENDIX 
MISCELLANEA 

Leaf  disks  were  cut  from  the  seventh  leaves  of  plants  by  a  No.  15  cork  borer. 
Two  leaf  disks  from  TG  and  Val  were  presented  to  a  female  or  male  in  a  petri  dish  for  16 
h.  Total  leaf  area  consumed  by  female  or  male  beetles  on  the  two  disks  was  calculated. 
Feeding  differences  between  females  and  males  were  not  found  to  be  significant  (F=1.85; 
df=l,  24;  P=0.1869).  Females  ate  533.4  ±  24.5  mm^  (Mean  ±  SEM)  of  leaf  surface  area, 
while  males  ate  almost  the  same  amount  of  589.7  ±  27.6  mm^. 

Before  using  adult  artificial  diet  to  test  for  possible  feeding  preferences  between 
TG  and  Val  leaf  powder,  plain  agar  and  agar  with  sucrose  (3%)  were  offered  to  newly 
emerged  beetles  to  see  whether  the  plain  agar  or  agar  with  sucrose  could  be  used  as  a 
testing  substrate.  Adults  were  not  interested  in  the  plain  agar  or  the  agar  with  sucrose. 

In  order  to  study  possible  differences  in  laticifer  structure  between  TG  and  Val 
plants,  leaves  were  cleared  by  ethanol  and  stained  with  basic  Fuchsin.  However,  this 
staining  procedure  resulted  in  staining  only  the  xylem  tissue  with  pink  color  and  laticifers 
were  still  not  visible. 
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